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Developing new kinds of renewable energy sources is urgent, because fossil fuels cause negative 
environmental impacts that make it difficult to sustain a growing world population. In the last past 
decades, tremendous efforts have been devoted to seeking advanced energy conversion and storage 
technologies that are environmentally benign and can efficiently harvest various kinds of renewable 
energy sources. Electrochemical water splitting is a chemical reaction that generates hydrogen and 
oxygen without any other byproducts, thus it is becoming the most promising alternative technique 
for producing renewable energy. Currently, noble-metals (e.g., Pt, IrO2, RuO2, and Au) are still relied 
upon in state-of-the-art electrocatalysis. Their prohibitive cost, low abundance, and poor durability 
are big hurdles for large-scale commercialization. The development of alternative electrocatalysts 
with high activity, long stability, and wide-spread availability based on the Earth-abundant materials 
is urgent. Heterogenous electrocatalysts based on transition metal sulfides (TMS) are being actively 
explored in renewable energy research because nanostructured forms support high intrinsic 
activities for both the hydrogen evolution reaction (HER) and oxygen evolution reaction (OER). 
However, their sluggish reaction kinetics in electrochemical reactions is currently the great 
technological bottleneck hindering the commercial use of TMS. Fortunately, experimental and 
theoretical studies indicate that rational design of nanomaterials including component manipulation, 
morphology control, and structure engineering should enable high-efficiency electrocatalysts for 
water splitting (Chapter 1). 
    Herein, I mainly focus on the functional design of TMS electrocatalysts for water splitting by 
manipulating their internal and external nanoarchitectures. Furthermore, the developed strategies are 
applied to the synthesis of other materials (e.g. metal phosphide, metal carbide) with high activities 
for energy storage and conversion system. 
    Chapter 2 describes the synthesis of a bifunctional electrocatalyst for both HER and OER based 
on a well-designed two-step temperature-raising hydrothermal process. The bifunctional catalytic 
system is composed of Co3S4 and MoS2 in which MoS2 is a HER active catalyst while Co3S4 is an 
OER active catalyst. Thanks to the synergistic effects between core of Co3S4 and shell of MoS2 and 
  
the unique hollow structure, the obtained Co3S4@MoS2 heterostructure exhibited outstanding 
bifunctional catalytic performances toward both HER and OER in acidic and alkaline media, 
respectively.  
    Chapter 3 demonstrates the preparation of a bifunctional catalyst Co3S4@MoS2 for overall 
water splitting in the alkaline media using a different kind of MOF precursor, Co-Fe Prussian blue 
analogue (PBA). The obtained Co3S4@MoS2 exhibited remarkable activities for both HER and OER 
in an alkaline solution. Meanwhile, a low cell voltage of 1.58 V at current density of 10 mA cm-2 in a 
water splitting electrolyzer was successfully achieved by using the heterostructure as both anode and 
cathode catalysts. 
    Chapter 4 extends the synthetic methods described above to generate hollow porous 
heterometallic phosphide nanocubes via one-step phosphidation of a NiCoFe-PBA precursor. 
Through compositional modulation of the PBA precursor, the optimal NiCoFe phosphide exhibited 
an increased electrical conductivity and abundant electrochemically active sites, leading to high 
electrocatalytic activities and outstanding kinetics for both HER and OER. 
    Chapter 5 proposes a soft-templating method to create mesoporous CoMo sulfide using block 
copolymer of polystyrene-block-poly(acrylic acid) (PS-b-PAA) as the pore-forming agent. The 
successful synthesis of mesoporous metal sulfides is based on the strong chelating capabilities of 
sulfide precursor with metal cations (e.g., Zn2+, Co2+, Ni2+) and Mo source, as well as the 
electrostatic interaction between positively charged metal ions and negatively charged polymeric 
micelles in solution. 
    Chapter 6 extends the soft-templating method described in Chapter 5 in order to synthesize 
mesoporous N-doped carbon containing ultrafine molybdenum carbide (Mo2C) nanoparticles. 
Diblock copolymer polystyrene-block-polyethylene oxide (PS-b-PEO) micelles were used as the 
pore-forming agent.  
    Chapter 7 summarizes the thesis and describes future prospects. This thesis highlights the 
significant role of functional design in realizing high-efficiency electrocatalysts, and also shed some 
light on the development of other electrocatalysts by optimizing the compositions and structures.  
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Nowadays, as the fast consumption of fossil fuels and serious environment pollution occurring with 
the increasing world population and developing industrialization, research into renewable energy 
source is becoming urgent. Recently, electrochemical water splitting which produce hydrogen and 
oxygen without byproduct release is becoming the most promising alternative technique for 
producing clean and renewable energy to replace fossil fuels.[1,2] Electrocatalysis of water splitting 
includes two half reactions, the cathodic water reduction process (hydrogen evolution reaction, HER) 
and anodic water oxidation process (oxygen evolution reaction, OER). Currently, noble metals, such 
as Pt, Pd and their alloys, and noble metal oxides, including IrO2 and RuO2 are still the most efficient 
catalysts for HER and OER with very low overpotential, respectively. Yet, the rarity and low stability 
of the noble metals impede their extensive commercial application. Therefore, it is becoming urgent 
to explore highly active Earth-abundant electrocatalysts as alternatives to noble-metal-based catalysts 
for water splitting. 
Among various kinds of burgeoning Earth-abundant electrocatalysts, transition metal sulfides 
(TMS) have developed as a promising class of catalysts for water splitting owing to their special 
physical and chemical properties.[2–7] For example, TMS usually show superior electrical 
conductivity to their oxide counterpart because most of them show semiconductor properties. More 
impressively, the two-dimensional (2D) layered TMS have high surface area, robust stability and 
abundant exposed active sites for H adsorption, leading to the remarkable electrocatalytic 
performance for HER.[5,6,8] Furthermore, synthetic process of TMS is relatively facile and mild 
compared to metal carbides/nitrides which normally require multistep and high temperature treatment 
process, and metal phosphides whose synthesis is always accompanied by the poisonous gas release. 
Up to now, various TMS (e.g., MoS2, Co3S4, FeS2, etc.) have been widely investigated and 
demonstrated their potentials as OER and HER catalysts.[7,9,10]  
In this chapter, I give a systematical discussion about the development of TMS for water 
splitting. First, a simple introduction about the mechanism of water splitting is provided. Then, I give 
a brief overview of the synthetic methods for preparing TMS. Following that, TMS used as the 
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electrocatalysts for HER, OER, and bifunctional electrocatalysts for both HER and OER are 
extensively reviewed (Figure 1.1). 
 
Figure 1.1. Illustration of TMS for water splitting. I: Strategies for optimizing the catalytic performances of 
TMS for HER; Reproduced with permission.[8] Copyright 2015, Royal Society of Chemistry. Reproduced 
with permission.[58] Copyright 2014, American Chemical Society. II: The current challenge and 
corresponding solutions of TMS for OER; Reproduced with permission.[126] Copyright 2015, American 
Chemical Society. III) Pathways to create bifunctional catalysts for overall water splitting. Reproduced with 
permission.[152] Copyright 2017, American Chemical Society. Reproduced with permission.[155] Copyright 
2017, Wiley-VCH. 
1.2. Reaction mechanisms in electrochemical water splitting 
1.2.1. The mechanism of HER 
HER is known as a two-electron transfer process (Figure 1.2a).[11] In acidic electrolyte, the HER 
occurs by the first Volmer reaction, in which hydronium ions are discharged to form the hydrogen 
intermediate (H*) which are absorbed on the surface of the electrode (Equation 1). Different from the 
acidic media, the proton source is the water molecule in alkaline electrolyte (Equation 2). 
Subsequently, hydrogen is produced via two different routes: Tafel reaction or Heyrovský reaction, 
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which depends on the coverage of H* on the surface. If the coverage of H* is high, the Tafel step, 
which two adjacent H* combine to give H2 molecules, will be the determining step (Equation 3). On 
the contrary, if the coverage of H* is low, the single H* atom prefer to attract a proton and an electron 
simultaneously in acidic media or attract a water molecule and an electron in alkaline media, and 
then produce molecule H2. These processes are called as the Heyrovský reaction (Equation 4, 5).  
Step 1:    H3O+ + e- + * → H* + H2O, in acidic electrolyte                            [1] 
H2O + e- + * → H* + OH-, in alkaline electrolyte                          [2] 
Step 2:    H* + H* → H2, Tafel reaction                                              [3] 
         H* + H3O+ + e- → H2 + H2O, Heyrovský reaction (acidic media)             [4] 
         H* + H2O + e-→ H2 + OH-, Heyrovský reaction (alkaline media)            [5] 
Where * represents the catalysts on the surface, H* is absorbed hydrogen intermediates. 
    The free energy of hydrogen adsorption (ΔGH*) is related to the hydrogen-evolving kinetics of 
the catalysts. An ideal catalyst normally have a ΔGH* close to zero. This is because too weak 
adsorption leads to poor interactions between protons and electrode surface. In contrast, the strong 
ΔGH* induces the difficulty in breaking bonds between hydrogen and catalyst surface which hinder 
H2 desorption. Pt is a representative HER catalysts which have the value of ΔGH* approaching zero. 
By plotting experimentally measured exchange current densities of a wide range of catalysts against 
their corresponding ΔGH* calculated from density functional theory (DFT), a volcano relationship 
reflecting the HER activities of different metals could be obtained.[12] This obtained volcano curve 
provided us a quick identification of the activities of different metals, which guided us to design 
materials with excellent performance by controlling binding energies of reactive intermediates on a 
surface (Figure 1.2b). 
1.2.2. The mechanism of OER 
Electrochemical oxygen generation is a sluggish four-electrode process, which involves three 
surface-adsorbed intermediates (OOH*, O*, and OH*) (Figure 1.2c).[13] In acidic solution, water is 
oxidized into oxygen and hydrogen ions, whereas in neutral and alkaline media, the hydroxyl ion is 
oxidized into water and oxygen. According to the theoretically proposed models, the OER reaction 
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proceeds under acidic and alkaline conditions as expressed in Equation (6-9) and (10-13), 
respectively. 
OER in acidic media:   
      H2O + * → HO* + H+ + e-                                                 [6] 
HO* → O* + H+ + e-                                                        [7] 
O* + H2O → HOO* + H+ + e-                                                  [8] 
HOO* → * + O2 + H+ + e-                                    [9] 
OER in basic media: 
OH- + * → HO* + e-                                                    [10] 
HO* + OH- → O* + H2O + e-                                        [11] 
O* + OH- → HOO* + e-                                      [12] 
HOO* + OH- →* + O2 + H2O + e-                             [13] 
Where * represents the surface active sites of the catalyst.  
 
Figure 1.2. (a) Two different HER mechanisms of catalysts in acidic electrolyte: Tafel reaction and 
Heyrovsky reaction. Reproduced with permission.[11] Copyright 2014, Royal Society of Chemistry. 
(b) Volcano curve based on metal elements for the acidic HER. Reproduced with permission. [12] Copyright 
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2016, Royal Society of Chemistry. (c) The OER processes in acidic (blue line) and alkaline (red line) 
electrolytes. The black and green lines indicate that two possible intermediates-involved OER routes, 
respectively. Reproduced with permission.[13] Copyright 2017, Royal Society of Chemistry. (d) OER volcano 
curve based on metal oxides. Reproduced with permission.[7] Copyright 2017, American Association for the 
Advancement of Science. 
    As the four steps in the OER process are all thermodynamically uphill processes, thus the step 
with the highest energy barrier would become the potential-determining step. The thermochemical 
free energy of each step is 1.23 eV for an idea catalyst.[14] While in practical, numerous studies on a 
series of metal oxides revealed that the difference between the free energy of HOO* and HO* is 3.2 ± 
0.2 eV. Accordingly, the difference of the binding energy on O* (ΔGO* – ΔGHO*) is used as a reference 
value to evaluate the catalytic activity of the catalyst. Furthermore, a proper bonding force between 
the catalyst and the oxygen species is important to the catalytic activity, which means too strong or 
too weak oxygen bonding force would result in sluggish reaction mechanisms. Using the introduced 
reference of ΔGO* – ΔGHO*, a volcano curve based on the OER catalysts of metal oxide have been 
constructed, as shown in Figure 1.2d. The volcano curve could provide some clues for the 
development of highly efficient OER catalysts.  
1.3. Brief overview of synthetic methods for TMS  
1.3.1. Self-organized synthesis of TMS under hydrothermal condition 
Hydrothermal synthesis is a common method to prepare TMS because it owns obvious advantages 
over other synthetic methods, including its simplicity, universality, and flexibility in controlling the 
compositions and morphologies of the materials. A wide range of TMS have been synthesized by this 
approach.[15] The common sulfur sources used for synthesizing the TMS include thioacetamide, 
carbon disulfide, sodium sulfide, L-cysteine, and thiourea. Various nanostructured of TMS can be 
preferentially formed by choosing appropriate precursors (metal salts and sulfur sources) and 
adjusting the reaction conditions (reaction time, pH value, temperature, reactants concentration etc.,). 
For example, using a simple biomolecule-assisted hydrothermal process, different nanostructured 
CoS, including nanospheres and nanowires, have been prepared by simply altering the polarity of the 
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aqueous solvent through adding ethanol (Figure 1.3a-d).[16] Figure 1.3e-g showed a column-like 
structured MoS2 assembling by edge-terminated MoS2 nanosheets (CLET MoS2), which was also 
synthesized by a simple hydrothermal reaction. The unique 3D superstructure made the as-prepared 
MoS2 with maximized accessibility to reactants and exposed active edges. As a result, the CLET 
MoS2 exhibited a very low Tafel slope of 39 mV decade-1 for HER, which was better than that of 
commercial MoS2. [17] 
 
Figure 1.3. Low-magnification FESEM and high-magnification FESEM of CoS obtained in aqueous solution 
(a, b), and in ethanol aqueous solution (c, d). Reproduced with permission.[16] Copyright 2008, Elsevier. (e) 
high-magnification SEM image, (f) STEM image, and (g) HAADF-STEM image and the corresponding EDX 
elemental mappings of CLET MoS2. Reproduced with permission.[17] Copyright 2016, American Chemical 
Society. 
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1.3.2. Templates-directed growth of TMS 
Templating methods using hard templates and sacrificial templates are reliable strategies to 
fabricate TMS materials with well-ordered nanoarchitectures.[18] In the hard templating method, 
TMS materials are grown on the surface of substrates, such as carbon nanotubes (CNTs), graphene, 
nickel foams (NF), and carbon fiber papers. Due to the unique interfacial effects and synergetic 
effects between the TMS and the template, the obtained hybrid materials usually show better 
electrocatalytic performance than the pure material. For example, Han et al. synthesized a Co1-
xNixS2–graphene composite through anchoring Co-Ni-S nanoparticles (CNS) on the N-doped 
reduced graphene aerogel (NGA) template (CNS-NGA) (Figure 1.4a-c). Electrochemical 
measurements showed that the CNS-NGA hybrid required a much lower overpotential (330 mV) to 
deliver the current density of 10 mA cm-2 compared to the corresponding counterparts CNS (440 
mV) and NGA (> 570 mV).[19] Sacrificial templating methods generally follow a two-step synthetic 
process where the template precursor is initially prepared and then sulfidized. Presently, numerous 
sacrificial templates including metal-organic frameworks,[20–22] Prussian blue analogue,[23] metal 
oxides,[24] metal hydroxide,[25–28] metal carbonate,[29] metal carbonate hydroxide,[30] metal acetate 
hydroxide[31] and metal silicate[32] have been used to synthesize uniform TMS. These templates are 
used not only as morphology-directing agents but also as metal precursors. Recently, Lou’s group 
developed a novel and general strategy to fabricate various molybdenum-based sulfides (M–MoS3, 
M = Co, Ni) with hollow structures via a template-involved sulfidation process, followed by an 
annealing treatment under N2.[22] As shown in Figure 1.4d-i, different morphologies of 
molybdenum-based sulfides with multicomponents have been obtained by utilizing different water-
soluble M precursors. The formation mechanism of the M-MoS3 hollow structures was further 
proposed, as schematically shown in Figure 1.4j. The water-soluble M precursors, including M 
acetate hydroxide prism, ZIF-67 polyhedron and Co-glycerate sphere, were selected as the self-
templates. At the initial stage of this reaction, the M precursors were dissolved in water to release 
M2+ ions. At the same time, the source of thiomolybdate anions (MoS42-) from ammonium 
tetrathiomolybdate interacted with M2+ species, and generated an insoluble M-MoS4 precipitation 
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on the surface of M precursor as a scaffold. As the reaction proceeds, different structures, such as 
hollow or core-shell structures could be formed, depending on the concentration of MoS42- (Vp). 
When Vp is larger than the outward flow of M2+ (VR) induced by the water, a robust layer of M-
MoS4 will grow on the near-surface of M precursor to prevent further dissolution of the inner M 
precursor, thus a core-shell or yolk-shell structure will be formed. On the other hand, if VP << VR, 
the formed of hollow structure of M-MoS4 will collapse due to the rapid mass transport across the 
M-MoS4 scaffold during fast dissolution of the inner template. The feasibility and versatility of this 
strategy opened up new opportunities for the controllable synthesis of TMS.  
 
Figure 1.4. (a) Illustration of the synthetic process of the hybrid assembled by Co–Ni–S ternary system 
anchored on a reduced graphene oxide aerogel (CNS–NGA), (b) SEM image, and (c) TEM image of the 
CNS-NGA hybrid. Reproduced with permission.[19] Copyright 2018, American Chemical Society. (d-i) 
NixCo1−xMoS3 hollow structures with various shapes obtained from different precursors. FESEM and TEM 
images of (d,e) NiMoS3 hollow prisms, (f,g) CoMoS3 hollow spheres, and (h,i) CoMoS3 hollow polyhedrons; 
(j) Schematic illustration of the fabrication of M–MoS3 hollow structures. Reproduced with permission.[22] 
Copyright 2015, Wiley-VCH. 
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1.3.3. Electrochemical deposition 
 
Figure 1.5. (a) Schematic illustration of the synthesis of the petal‐like Ni–Co–S and the construction of ASC 
devices, and (b, c) The SEM images of Ni–Co–S‐2/GF. Reproduced with permission.[40] Copyright 2018, 
Wiley-VCH. (d) SEM image, (e) TEM images, and (f) element mapping of CP/CTs/Co-S. Reproduced with 
permission.[37] Copyright 2016, American Chemical Society. 
Different from the above-mentioned methods, electrochemical deposition is a method which needs 
extra electricity to drive the deposition of materials on conductive substrates. The common substrates 
include commercial nickel foam, carbon paper, stainless steel meshes. Recently, electrochemical 
deposition method has been developed to synthesize TMS for applications in energy storage and 
conversion system.[33–39] Zhang et al. have designed hierarchical petal-like ternary nickel cobalt 
sulfides nanosheet array on 3D porous graphene foam (Ni-Co-S/GF) via a one-step electrochemical 
deposition process (Figure 1.5a).[40] In this deposition process, the concentration of Ni2+ precursor 
had important effects in determining the structural features and the final electrochemical performance 
of Ni-Co-S/GF. Scanning electron microscopy (SEM) images (Figure 1.5b,c) showed that the 
ultrathin ﬂuffy Ni–Co–S/GF nanosheets interconnected with each other and formed continuous Ni–
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Co–S/GF shell layer which were vertically aligned to the GF substrate. The unique 3D hierarchically 
structured Ni–Co–S/GF provided large interfacial area for redox reactions and facilitates the ions 
diffusion, resulting in a large specific capacitance of 2918 F g-1 at current densities of 1 A g-1. Wang et 
al. has fabricated an integrated 3D electrode by assembling cobalt sulfide sheets and carbon tubes on 
carbon paper (denoted as CP/CTs/Co-S) via a template-assisted electrochemical deposition 
method.[37] The morphologies of the obtained 3D array CP/CTs/Co-S electrode are shown in Figure 
1.5d-f. The unique 3D array structures endowed the catalyst with abundant accessible active sites, 
fast electron transport, and easy diffusion of gaseous products, contributing to its robust activity and 
stability towards water catalysis in alkaline electrolyte.  
1.3.4. Gas sulfidation method 
 
Figure 1.6. TEM and HRTEM images of the obtained mesoporous metal sulfides. (a, b) iron sulfide, (c, d) 
nickel sulfide, and (e, f) cobalt sulfide. Reproduced with permission.[41] Copyright 2014, American Chemical 
Society. (g) Schematic illustration of the growth of MoS2 on the surface of Au foils and SEM images of MoS2 
grown under different temperatures, (h) Schematic illustration and SEM images of MoS2 grown on Au foils 
with distinct precursor substrate distance. Reproduced with permission.[42] Copyright 2014, American 
Chemical Society. 
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    The gas sulfidation method generally involves the preparation of metal precursors followed by a 
sulfidation process under H2S or S atmosphere at a certain annealing temperature. It is also a facile 
approach to synthesize TMS, especially for some unique structures which are difficult to be obtained 
through the above-mentioned methods. For example, the large volume contraction and poor 
interaction between metal and sulfur usually increase the difficulty in preparation of TMS with 
interconnected continuous-pore structures. Motivated by the successful synthesis of mesoporous 
metal oxides, Yonemoto et al. proposed a general and facile oxide-to-sulfide strategy to prepare 
ordered mesoporous metal sulfides.[41] The metal oxide was first formed within the mesoporous silica 
template, and then it was transformed to metal sulfide via sulfidation treatment under H2S/sulfur 
vapor. Through this gas sulfidation method, several ordered mesoporous metal sulfides, including 
cobalt sulfide, iron sulfide, and nickel sulfide have been successfully fabricated, as shown in Figure 
1.6a-f. The investigation on the photocatalytic properties of the obtained mesoporous metal sulfides 
indicated that the created mesoporous structure of the metal sulfides endowed them with abundant 
active sites that favored the fast charge transfer and product diffusion, and consequently led to their 
improved photocatalytic activities. Moreover, synthesis of TMS with controllable layers and large 
domain size is important to the nanoelectronic and optoelectronic devices yet challenging. The gas 
sulfidation method, like chemical vapor deposition (CVD) is a promising method to realize 
monolayer MoS2 due to its wide tunability in growth parameters and substrates. Shi et at. reported a 
facile low-pressure CVD pathway to prepare the scalable growth of high quality, domain size tunable 
monolayer MoS2 on commercially Au foils.[42] It was found that the edge length of the monolayer 
MoS2 could be tuned from nanometers to micrometers by adjusting the temperature or the distance 
between precursor and substrate, as depicted in Figure 1.6g,h. The monolayer MoS2 assembled on 
Au foils displayed superior performance to the nanoparticles MoS2 toward HER, featured by a Tafel 
slope as low as 61 mV decade-1 and a high exchange current density of 38.1 µA cm-2.  
1.4. TMS as electrocatalysts for water splitting 
1.4.1. TMS for HER 
TMS materials have gained substantial attentions as water splitting catalysts owing to their high 
Chapter 1  
13 
 
conductivity, which facilitates charge transfer reactions.  
1.4.1.1 2D-TMS (MS2, M = Mo, W) 
Two-dimensional (2D) layered MoS2 and WS2 have appeared as burgeoning catalysts for HER. The 
layered structure endows them with more exposed active sites which facilitate the H adsorption. 
Based on the theoretical calculations, MoS2, has a ΔGH* value of 0.08 eV on the (1010) edge of MoS2, 
close to that of Pt (0 eV). Furthermore, MS2 usually show better electrical conductivity than 
corresponding oxides because most of them have semiconductor properties. Some layered MS2 even 
display metallic properties when they are exfoliated to few-layered structures. While the catalytic 
activities of MoS2 and WS2 is still far from the commercial noble metal-based HER catalysts because 
of their high kinetic barriers for H2 generation and limited density of active site. Great efforts have 
been made to boost the catalytic performance of electrocatalysts by increasing the number of exposed 
active sites and enhancing the intrinsic conductivity and activity of the edge sites. Generally, they 
include the following strategies: 
 
Figure 1.7. (a) Synthetic illustration of mesoporous MoS2 with a double-gyroid morphology. Reproduced with 
permission.[43] Copyright 2012, NPG. (b) Synthetic pathways to obtain the defect‐free and defect‐rich 
structures. Reproduced with permission.[45] Copyright 2013, Wiley‐VCH. (c) Molecular models of the phase 
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transformation from 2H- to 1T-MoS2 and SEM/TEM images of the 2H- and 1T-MoS2. Reproduced with 
permission.[47] Copyright 2013, American Chemical Society. (d) Raman spectra of the Amorphous MoS2 
during HER. Reproduced with permission.[63] Copyright 2016, American Chemical Society. (e) Molecular 
models of ET&IE MoS2 with expanded interlayer spacing. Reproduced with permission.[65] Copyright 2015, 
NPG. 
    Morphological control: The most direct and simple pathway to increase active site is to increase 
the surface area by designing different architectures. Kibsgaard et al. optimized the surface structure 
of MoS2 at the atomic scale by creating ordered mesopores into the double-gyroid MoS2 film which is 
beneficial for exposing more edge sites.[43] The unique MoS2 structure was synthesized by 
electrodeposition method, which involved the deposition of Mo into a silica template, subsequent 
sulfidation with H2S, and removal of silica template by etching, as shown in Figure 1.7a. The 
electrochemical results showed that the mesostructure exposed abundant active edge sites and high 
active surface area, which greatly contributed to the enhanced catalytic activity of double-gyroid 
MoS2 films for HER. Additionally, vertically aligned MS2 nanosheets patterned on substrates is also 
favorable for increasing the exposed active site. Yang et al. synthesized vertically aligned WS2 
nanosheet films (VAWS2) through an in situ exfoliation/decomposition of WO3 and subsequent 
sulfidation process.[44] The VAWS2 film delivered an overpotential of 136 mV to reach the current 
density of 10 mA cm-2 for HER and a Tafel slope of 61 mV decade-1. The remarkable performance 
was likely originated from the fully exposed edges and the interconnected porous structures in the 
VAWS2 film which provide more open accesses to the electrolyte.   
    Defect engineering: Defect engineering is also an effective pathway to enhance the 
electrocatalytic HER performance. Since abundant defects in the frameworks could increase the 
exposed active edge sites by constructing the cracks on the surfaces of the nanosheets. Xie et al. 
developed a facial and novel method to realize controllable defect engineering in MoS2 ultrathin 
nanosheets which only needed to modulate the concentration ratio of Mo precursor and the S source 
involved in the reaction, as shown in Figure 1.7b.[45] According to the calculation results, the number 
of active sites in the MoS2 nanosheets was almost 13 times higher in comparison with that in bulk 
MoS2, arising from the existence of rich defects. As expected, the defect-rich MoS2 exhibited superior 
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HER activity with a low onset overpotential of 120 mV and a Tafel slope of 50 mV decade-1. Guided 
by this fundamental evidence, Xie et al. further optimized the HER activity of MoS2 by 
simultaneously engineering controllable defect and oxygen incorporation in the MoS2 catalyst.[46] 
Based on DFT calculations, the optimized structure favored the formation of a large number of 
unsaturated sulfur atoms which acted as the active sites for HER catalysis. Meanwhile, the 
incorporation of oxygen could effectively reduce the bandgap and thus led to enhanced intrinsic 
conductivity of MoS2. The synergistically structural and electronic control enabled the 
oxygen-incorporated MoS2 with excellent HER activity.       
    Phase control: Since 2013, when Lukowski and his group [47] demonstrated that the metallic 1T 
MoS2 features higher electrode kinetics, metallic conductivity, and a proliferated density of catalytic 
active sites, resulting in superior catalytic HER activity than 2H phase MoS2 (Figure 1.7c), ample 
efforts have been devoted to develop new strategies to obtain more efficient 1T phase of MoS2 or WS2 
from their 2H phase. Notably, the 1T phase of MoS2 and WS2 is metastable and is easily converted to 
the more stable 2H phase.[48] Therefore, the obtained MoS2 or WS2 using the aforementioned methods 
are usually a mixture of semiconducting 2H phase and metallic 1T phase, limiting the investigation of 
the electrical properties of metallic-phase and their applications. Recently, Yu et al. synthesized 
highly pure metallic-phase 1T’-MoX2 (X = S, Se) crystals with lateral size up to hundreds of 
micrometres.[49] It was found that the post-treatment of the MoS2 precursor was crucial to obtain the 
highly pure 1T’-MoS2. Furthermore, the as-obtained 1T’-MoS2 crystals had a distorted octahedral 
coordination structure which could be converted to 2H-MoS2 by thermal annealing or laser irradiation. 
Electrochemical measurements demonstrated that the basal plane of 1T′-MoS2 was highly efficient 
for the HER than 2H-MoS2, with a low onset overpotential of only 65 mV. This enhancement of HER 
activity of 1T’-MoS2 could be attributed to the better charge transport capability and higher catalytic 
property on the basal plane than 2H-MoS2. Almost at the same time, Liu et al. established an colloidal 
chemistry strategy for the controllable synthesis of stable metallic 1T’-phase-dominated WS2 (1T’-D 
WS2) nanostructures.[50] Compared to 2H WS2, this 1T’-D WS2 showed an overpotential of 200 mV 
to reach the current density of 10 mA cm-2, a small Tafel slope of 50.4 mV dec-1, and a long half-life 
for 46 days at the given overpotential of 0.3 V vs. RHE.  
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Amorphous materials have also been proven to possess high HER catalytic activity, due to 
abundant exposed highly active electrocatalytic sites, originating from their isotropic properties and 
disordered structure (Figure 1.7d).[51–53] Amorphous molybdenum sulfide for HER was firstly 
developed in 2011 by electrochemical deposition method.[54] The obtained MoSx film was identified 
to have similar composition with MoS3 and considered as pre-catalysts, which was partially reduced 
to active phase of MoS2 under the condition for hydrogen evolution. Compared to MoS2 
nanoparticles, amorphous MoSx exhibited higher activity in a wide pH range, ascribing to its 
amorphous nature, which probably could offer more catalytic active sites. The above discovery drove 
researchers to find more strategies to improve the activity of amorphous MoSx and understand their 
catalytic mechanisms. For example, the activity of the as-prepared amorphous MoSx film was 
improved by doping with transition metal ions, such as Fe, Co, and Ni.[55] The electrochemical 
experimental results revealed that the catalytic activity of MoSx was significantly improved under 
acidic condition because of the increased surface area or the catalyst loading affected by the 
incorporation of Fe, Co, and Ni. While under neutral condition, the Fe, Ni, and Co could accelerate 
the activity of unsaturated sites, leading to higher intrinsic activity. Further improvements in the 
electrocatalytic activities of the amorphous molybdenum sulfides could also be made by depositing 
them on the highly conductive substrates.[56–58] Assisted by in situ TEM and DFT calculations, Lee et 
al. uncovered the structural changes and the activation process of MoSx catalyst under HER condition. 
Furthermore, DFT calculations confirmed that the surface of the amorphous MoSx was unstable. It 
was firstly transformed to the higher active amorphous MoS2, then continued to transform to the 
crystalline MoS2 in the presence of hydrogen. However, the as-formed crystalline MoS2 may result in 
the deactivation of the catalyst under extended operation, as inert basal plane sites are likely to be 
exposed to the electrolyte.[59] The reductive activation and corrosion were further investigated by 
finding out the correlation between the intrinsic HER activity of the MoSx film with the quantity of S 
atoms, which would shed light on the rational design of highly efficient and stable HER 
electrocatalyst.[60–64] 
Expansion of interlayers of MS2: It has been reported that the expansion of interlayers of MS2 
can modify electronic structures and electrical conductivity of MS2 edge sites, thus strengthening 
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HER performance. Gao et al. prepared edge-terminated and interlayer-expanded MoS2 nanosheets 
(ET&IE) using a microwave-assisted strategy (Figure 1.7e), which showed an onset potential of -103 
mV and a Tafel slope of 49 mV decade-1.[65] The edge-terminated structures endowed the structure 
with a lager active edge sites relative to basal sites, contributing to the improved HER activity of 
ET&IE MoS2 than bulk MoS2. The expanded interlayer distance (9.4 Å) played a significant role in 
modifying electronic structure, and the electronic effects could strengthen the H adsorption and thus 
decreased the ΔGH* to a preferable value, synergistically leading to the observed catalytic 
improvement of ET&IE MoS2. Later, Sun et al. synthesized edge-oriented MoS2 with expanded 
interlayer spacing of 9.4 Å on graphene monolayer sheets (EO&IE MoS2/rGO).[66] The EO&IE 
MoS2/rGO combined the advantages of abundant edge sites and enlarged interlayer of MoS2 with the 
high conductivity of rGO, showing a small overpotential of 129 mV and a Tafel slope of 42.2 mV 
decade-1 for HER. 
    Element doping and introducing S vacancies: Except trying to increase the number of the 
available M-terminated active edges and transform the 2H-MS2 to more efficient 1T or 1T’-MS2, 
creating more exposed active sites of the S-terminated edges and activating inert basal plane to 
improve the activity of MS2 also attracted a great attention. Up to now, several strategies have been 
developed to activate the basal plane and S-terminated edges of MS2 by heteroatoms doping (e.g., Pt, 
Fe, Ni, Co, O, P, N). Deng et al. found that the doped Pt atoms into MoS2 could facilitate the 
adsorption of H atoms on the S-terminated sites and consequently promoted the HER activity of 
MoS2 (Figure 1.8a-e).[67] Furthermore, according to DFT calculations, they provided a volcano curve 
based on ΔGH* for varied single-atom metal-doped MoS2 (Figure 1.8f). In line with the obtained 
volcano curve, the electrochemical measurements proved that the doping effects on HER activity is Pt 
> Co > Ni. Shi et al. further confirmed that the incorporation of Co into WS2 lattice modifies the 
binding energy of H and the formation energy of S-vacancies,[68] thus accelerating the basal plane 
HER activity of the obtained Co-WS2. In addition, non-metallic atoms doping such as P, N, into MS2 
was also verified to be an useful method to improve HER activity. For example, P doping could 
optimize the ΔGH* to a favorable value by activating the basal plane, Mo-terminated edges, and 
S-terminated edge sites, consequently resulting in a significantly improved HER catalytic activity of 
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2H-MoS2. Li et al. reported another strategy to activate the inert basal plane of 2H-MoS2 for HER 
through creating strained S vacancies.[69] According to DFT calculations, S-vacancies sites could 
introduce gap states around the Fermi level which facilitated the hydrogen adsorption. Furthermore, 
straining the S-vacancies sites could further optimize the ∆GH*, which systemically boosted the 
catalytic activity (Figure 1.8g-j). As predicted by DFT calculations, the promotion effects were 
confirmed by electrochemical HER measurement (Figure 1.8k,l). The monolayer MoS2 with 
optimized combinations of S vacancies and strain exhibited unprecedentedly superior HER activity, 
showing a TOFs-vacancy of 0.31 at 0 V vs. RHE, which exceeds most of MoS2-based HER catalysts. 
 
Figure 1.8.  (a-c) TEM images of Pt–MoS2, (d) HER process on a Pt–MoS2 catalyst (the reaction barriers are 
shown in the black arrows), (e) HER polarization curves for Pt–MoS2 in comparison with bulk MoS2, 
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FL-MoS2, blank GC electrode, and 40% Pt/C, and (f) A volcano curve for the relation between currents 
(log(j0)) and ΔGH*. Reproduced with permission.[67] Copyright 2015, The Royal Society of Chemistry. (g) 
Schematic models of MoS2 with strained S-vacancies on the basal plane from the top and side views, (h) 
Free energy versus the reaction coordinate of HER for the S-vacancy range of 0–25%, 
(i) ΔGH versus %x-strain for various %S-vacancy, ranging from 0.0% to 18.75%, (j) Coloured contour plot 
of surface energy per unit cell γ as a function of S-vacancy and uniaxial strain. (k, l) LSV curves and 
corresponding Tafel plots for the MoS2, strained MoS2 without S-vacancies, strained MoS2 with 
S-vacancies, Au substrate, and Pt electrode. Reproduced with permission.[69] Copyright 2016, NPG.  
    Composite engineering: Assembling layered-MS2 materials with conductive templates or 
supports, such as graphene,[66,70–74] carbon paper,[75,76] carbon nanosheet,[77] carbon nanotubes,[58] and 
Ni foam[78] has created a new paradigm in material science. Driven by the chemically and electrically 
synergistic effects between MS2 and substrates, the obtained materials are expected to have enhanced 
electron-transfer capability, more exposed active sites, and improved stability for catalyzing HER. 
For example, Li et al. coupled MoS2 nanoparticles with reduced graphene oxide (RGO) sheets by 
facile solvothermal method (Figure 1.9a,b).[79] The obtained MoS2/RGO composite exhibited better 
electrocatalytic activity for HER relative than the free-standing aggregated MoS2 particles, which 
should be ascribed to the abundant exposed edges and rapid electron transport from MoS2 to the 
electrode (Figure 1.9c). Of note, the majority of the aforementioned strategies focused on improving 
the HER activity of MS2 in acidic media. Recently, researchers start to transfer attention to improving 
their sluggish HER kinetics in alkaline media via combining MS2 with the stable metal hydroxides. 
Hu et al. judiciously hybridized vertical MoS2 sheets with NiCo-layered double hydroxide 
(MoS2/NiCo-LDH).[80] The resultant MoS2/NiCo-LDH heterostructures only needed a low HER 
overpotential of 78 mV to reach the current density of 10 mA cm-2 in alkaline environment. As DFT 
calculations revealed that the forming heterointerfaces between MoS2 and NiCo-LDH synergistically 
promoted the chemisorption of H on MoS2 and the OH on LDH, and thus accelerated the water 
dissociation step of HER and, consequently, the overall HER kinetics in alkaline electrolyte. Induced 
by these results, Luo et al. designed alkalined-HER electrocatalyst which consist of Co(OH)2 
nanoparticles confined in few-layer MoS2 nanosheets by a two-step synthetic process, starting with 
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the exfoliation of MoS2 nanosheets followed by Co2+ exchange to form MoS2 intercalated with 
Co(OH)2 under alkaline condition (Figure 1.9d).[81] The confined Co(OH)2 nanoparticles facilitated 
the water dissociation kinetics and in turn, MoS2 nanosheets sped up the hydrogen generation kinetics, 
which resulted in the excellent HER activity of MoS2 confined Co(OH)2 (Figure 1.9e,f). Impressively, 
a universal method was developed to fabricate a series of 2D hybridized alkalined-HER 
electrocatalysts via controlled growth of different 3d metal (Ni, Co, Fe, Mn) hydroxides on 
monolayer 2D-MS2 nanosheets (Figure 1.9g).[82] The combined experimental and theoretical studies 
demonstrated that appropriate hybridization of metal hydroxides and MS2 can effectively accelerate 
the water dissociation kinetics by lowering the kinetic energy barrier to enhance the HER 
performance (Figure 1.9h,i).  
 
Figure 1.9. (a) Schematic preparation of MoS2/RGO composite, (b) TEM image of the MoS2/RGO, and (c) 
Polarization curves of MoS2/RGO, Pt, RGO, and MoS2 NP. Reproduced with permission.[79] Copyright 2011, 
American Chemical Society. (d) Schematic synthesis of Co(OH)2 confined in MoS2, (e) Free energy diagrams 
of HER on the edges of MoS2, Co(OH)2, and  MoS2 confined Co(OH)2 sample, and (f) Polarization curves of 
the bulk MoS2 and MoS2 confined Co(OH)2. Reproduced with permission.[81] Copyright 2018, American 
Chemical Society. (g) Schematic illustration of synthesis procedure of 2D-MS2/M*(OH)x nanosheets, h)ΔGW 
and the chemisorption energies of hydroxides (ΔEOH) on bare 2D-MoS2 and various 2D-MoS2/M*(OH)x 
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heterostructure, and (i) Alkaline HER performance of 2D-MoS2/Ni(OH)2-10, 2D-MoS2/Co(OH)2, bare 
2D-MoS2, Ni(OH)2, and commercial Pt/C (20 wt% Pt). Reproduced with permission.[82] Copyright 2018, 
Wiley-VCH. 
 
Figure 1.10. (a) Schematic illustration of synthesis of reduced MoS2 (R-MoS2), High-resolution STEM 
images of (b) A-MoS2 (scale bar = 2 nm) and (c,d) R-MoS2 (scale bar = 1 nm), and (e) Polarization curves of 
R-MoS2, R-MoS2/NG, and R-MoS2/NF in comparison with other reference electrocatalysts. Reproduced with 
permission.[83] Copyright 2018, Wiley-VCH.  
    During the above-mentioned strategies (defect engineering, creating S vacancies, transforming 
to 1T-phase, exposing Mo-terminated edge sites by expanding the interlayer spacing) to improve the 
catalytic of MoS2 for HER, most reports on MoS2-based catalysts only focused on one or two of these 
characteristics, thus limiting catalyst activity. Intrigued by recent success in accelerating HER 
kinetics, Anjum et al. reported a simple synthesis of metallic 1T-MoS2 which possesses all of the 
above-mentioned structural features, including defect-rich, S-deficient, exposed Mo-edge, and 
expanded interlayer (Figure 1.10a-d).[83] The in situ intercalation of NH3 into MoS2 sheets (A-MoS2) 
enlarged the interlayer spacing of MoS2 to 8.4 Å. Meanwhile, the removal of intercalated NH3 and 
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H2S by the reduction of A-MoS2 under H2 atmosphere (R-MoS2) further afforded the R-MoS2 with a 
large percentage of 1T phase (34%), S vacancies, and rich defects. Integrating all the structural 
advantages in one material, the synthesized R-MoS2 exhibited a remarkable alkalined-HER 
performance which was superior to most reported MoS2-based electrocatalysts. Of note, when the 
R-MoS2 hybridized with conductive Ni foam (R-MoS2/NF), catalytic activity of the hybrid 
R-MoS2/NF even outperformed that of commercial Pt/C, which suggested the R-MoS2-based 
materials had a promising potential as alternatives to Pt-based catalysts (Figure 1.10e). 
1.4.1.2 First-row TMS (MxSy, M=Fe, Co, Ni, Cu, Mn, Zn)  
 
Figure 1.11. Schematic representation of the synthetic process of cobalt pyrite (CoS2) film, microwire (MW) 
and nanowire (NW) arrays on a graphite disk substrate; SEM images of as-synthesized (b) CoS2 film, (c) CoS2 
MW array, and (d) CoS2 NW array, and (e) Polarization curves of CoS2 film, MW array, and NW array for HER. 
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Reproduced with permission.[86] Copyright 2014, American Chemical Society. (f) LSV of NF-NiS2 at the first, 
10th and 100th cycle (Inset is the SEM images of NF-NiS2 before and after electrochemical activation, 
respectively), and (g) EXAFS spectra of Ni foil and CC-NiS2 before and after electrochemical activation. 
Reproduced with permission.[90] Copyright 2017, Elsevier Ltd. (h) Schematic representation of the 1D and 2D 
FeS2 structure formation, (i, j) TEM images of FeS2 wires and discs, and (k) LSV for the FeS2 discs, wires, 
cubes along with a bare Pt electrode, and a bare glassy carbon electrode. Reproduced with permission.[97] 
Copyright 2015, American Chemical Society. 
Except the above layered TMS (MoS2 and WS2), other first-row TMS, such as FeS2, NiS2, CoS2 and 
their composites have also draw great intention as promising HER catalysts due to their low cost, high 
electrical conductivity, and fast charge transfer kinetics. In particular, they have certain similarities to 
the active center of hydrogenase (catalyze the conversion between proton and hydrogen) in regard of 
their ligand number and symmetry of some under-coordinated surface cations, suggesting they are 
expected to have strong hydrogen binding capacity. However, the sluggish reaction kinetics and poor 
stability of such kind of TMS impeded their development. Similar to the layered TMS, the HER 
activity of these first-row TMS are also increased by series of strategies, including increase the active 
sites by morphology control, optimize the electronic structures by doping heteroatom, and phase 
control. In this section, the recent progress in different first-row TMS for HER are summarized. 
    CoxSy: Cobalt sulfides can exist in different stoichiometric compositions, such as Co9S8, CoS, 
Co3S4, and CoS2, which endow them with rich structure chemistry and remarkable properties to meet 
the requirements for HER.[37,84,85] Faber et al. reported a successful synthesis of metallic cobalt 
disulfide (CoS2) with different morphologies, including film, nanowire (NW) and microwire (MW) 
arrays (Figure 1.11a-d).[86] The experimental results revealed that the morphology of CoS2 had a 
crucial effect on its HER performance. MW CoS2 showed large surface area and achievable rate in 
promoting gas bubble release, possessed highly efficient and robust HER activity (Figure 1.11e). To 
reduce the environmental pollution and increase their biocompatibility, developing HER catalysts for 
use in neutral water instead of strong acidic and alkaline electrolytes is attracting. Sun et al. prepared 
a cobalt-sulfide (Co-S) film deposited on a conductive fluorine-doped tin oxide (FTO) substrate 
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(Co-S/FTO) as a catalyst for HER in mild electrolyte.[38] The obtained Co-S/FTO film showed an 
onset overpotential of 43 mV and a Tafel slope of 93 mV decade-1 in phosphate buffer solution (pH is 
around 7). Ex situ Raman and X-ray absorption spectroscopy (XAS) measurements indicated that the 
resultant CoSx was composed of small oxide and sulfide clusters with a porous amorphous structure. 
According to the molecular model built based on operando experiements, this CoS2-like clusters 
featured a high density of accessible active sulfur sites along the cluster periphery, contributing to its 
high HER activity.[87] Later, Wang et al. developed a silk-cocoon structured S-rich CoSx (x ≈ 3.9) 
catalyst with extremely high HER performance via a facile hydrothermal process. [88] The as-prepared 
CoSx had hollow spheres that were interwoven by numerous nanofibers. Moreover, the spherical 
structures were further interconnected by micrometer-long nanofibers to assemble a 
three-dimensional (3D) conductive network. Such an unique 3D network facilitated charge transfer 
during the HER, and the abundant S edges and bridging Sn2- could offer highly HER active sites. All 
of these reasons made the S-rich CoSx stands out among the HER catalysts and displayed an 
overpotential of 42 mV at the current density of 10 mA cm-2 for HER, which was comparable active 
to Pt/C.  
    NixSy: Nickel sulfides (NiS, Ni3S2 and Ni7S6) have some similar properties to cobalt sulfides, 
such as rich valence states, low cost, and eco-friendly. Therefore, they have also been widely 
investigated. Jiang et al. prepared three crystalline nickel sulfides, NiS, NiS2, and Ni3S2 via a 
microwave-assisted pathway.[89] The electrochemical studies reveal that the Ni3S2 possesses the 
highest HER activity among the three forms, ascribing to its structural advantages including unique 
surface chemistry, larger electrochemically active area, and higher electrical conductivity. As it is 
widely accepted that the catalysts are stable under HER catalytic process, so using the in situ 
techniques to unveil the catalytic mechanism of the catalysts have not drawn a lot of attention. 
However, by applying in situ XAS, Ma et al. revealed that the as-prepared NiS2 nanosheets were not 
stable under HER condition in alkaline electrolyte. [90] The NiS2 displayed an activation process 
during HER catalysis with a remarkable compositional and structural change. As shown in Figure 
1.11f,g, NiS2 was converted into metallic Ni0 nanosheets which served as the real catalytically active 
species for HER. Moreover, the Ni0 was easily oxidized to large-area Ni(OH)2 upon applying anodic 
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potentials or exposing to air, showing enhanced OER activity. This discovery may give some 
guidelines for the construction of highly active electrocatalysts for overall catalysis of water. Wang et 
al. created a class of platinum-nickel/nickel sulfide (Pt3Ni/NiS) hybrid via a sulfidation process of 
composition-segregated Pt-Ni nanowires (NW). [91] The synergistic effects between NiS and Pt3Ni 
components, where NiS was beneficial for promoting water dissociation, whereas Pt3Ni was 
responsible for accelerating the conversion of H+ to H2, leading to excellent HER activity of 
Pt3Ni/NiS in a wide range of pH value. Specially, the optimized Pt3Ni2 NW-S/C showed a small 
overpotential of 70 mV to reach the current density of 37.2 mA cm-2, which surpassed the activity of 
commercial Pt/C toward alkaline HER. N-doped Ni3S2 on NF was also fabricated via one-step 
ammonia treatment which showed highly efficient HER activity, with an overpotential of 155 mV to 
get the current density of 10 mA cm-2 in 1.0 M KOH solution.[92] DFT calculations indicate that the 
ammonia treatment had not only introduced heteroatom N dopants as the additional active sites (such 
as in (100) facet) but also created new active facet (such as (-111) facet) with lower H adsorption free 
energy on Ni and S sites, which was effective in boosting the HER catalysis of Ni3S2. Furthermore, 
V-incorporated NixSy nanowires, [93,94] Mn-doped Ni3S2 nanosheets,[95] and N-anion-decorated 
Ni3S2[96] were also been reported.   
FexSy: Among different stoichiometric compositions of iron sulfides, Pyrite FeS2 is most often 
reported as promising electrocatalysts for HER. Jasion et al. synthesized different morphologies of 
FeS2, including 1D wires and 2D discs, by simply tuning the Fe:S ratio in the precursor solution, as 
seen from Figure 1.11h,i.[97] The electrochemical results showed that the obtained FeS2 with 2D discs 
structure had a comparable HER activity to platinum in neutral pH conditions, and it could generate 
hydrogen for over 125 h, which were confirmed by scanning electrochemical microscopy. 
Mesoporous structured materials feature more exposed active sites, which is in favor of strengthening 
the catalytic activities of the catalysts. Mesoporous FeS2 nanoparticles were successfully fabricated 
via a two-step synthetic process including a sol-gel method to obtain Fe2O3 and subsequent 
sulfidation treatment.[98] The unique mesoporous structure enabled FeS2 with a much larger surface 
area of 128 m2 g-1 than that of the commercial FeS2 (< 1 m2 g-1) and abundant active sites, achieving 
current density of 10 mA cm-2 at a low overpotential of 96 mV. DFT calculations indicated that the 
Chapter 1  
26 
 
mesoporous FeS2 featured abundant exposed (210) surfaces which have strong binding of H2O 
molecules and were more favorable for the cleavage of O-H bond, contributing to its enhanced the 
electrocatalytic HER kinetics in alkaline electrolyte. As aforementioned, growing the materials on 
conductive templates to form a heterostructures is also a good strategy to fasten the HER kinetics. 
Chen et al. prepared FeS2 nanoparticles embedded in RGO which exhibited remarkably improved 
catalytic activity toward HER, achieving current density of 10 mA cm-2 at an overpotential of 139 mV. 
[99] Of note, Zakaria et al. found that the as-prepared greigite (Fe3S4) underwent structural and 
chemical changes at -0.6 V at pH 7 for HER, which was also observed in the above-mentioned NiS2 as 
alkaline HER electrocatalyst. Unlike NiS2 which was converted to metallic Ni, in situ XAS 
performed at the Fe K-edge revealed that the iron-sulfur linkages were replaced by iron-oxygen units, 
forming a core-shell structure composed of 60% greigite and 40% iron hydroxide.[100] This 
transformation of Fe3S4 was attributed to the large increase of pH close to the electrode caused by the 
concomitant generation of OH– when HER catalysis took place at very negative potential. The 
significant pH increase was further confirmed by in situ infrared (IR) spectroscopy by monitoring the 
change of phosphate species in the solution at the interface of the electrode. This report further 
emphasizes the importance of in situ investigation of the HER catalyst under electrochemical 
operation.   
    CoFeS: It has been widely investigated and confirmed that incorporate cobalt into iron sulfides 
can effectively boost the HER activities of FeS2. Wang et al. tried to improve the HER activity of 
FeS2 by doping Co into FeS2 nanosheets and further hybridizing with carbon nanotubes to form 
Fe1-xCoxS2/CNT hybrid catalyst.[101] The electrochemical measurements revealed that the amount of 
Co doped in the catalyst played an important part in the electrocatalytic activity. According to the 
DFT calculations conducted on the optimal sample of Fe0.9Co0.1S2-CNT and contrast sample of 
FeS2-CNT, it was found that the S atoms on the edge of iron pyrite were HER active sites. Both 
Fe0.9Co0.1S2-CNT and FeS2-CNT surfaces showed slightly higher H+ adsorption energy and similar 
H2 adsorption energy compared to Pt (111) surface, revealing the active feature of iron pyrite in 
stabilizing reaction intermediates formed on the surface and releasing H2. DFT calculations further 
demonstrated that the incorporation of Co prompted the Fe0.9Co0.1S2-CNT with a lower hydrogen 
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atom adsorption energy barrier of 1.23 eV compared to that of FeS2-CNT (1.62 eV). Moreover, Co 
doping made the Fe0.9Co0.1S2-CNT (110) have a longer bond length of H-S on S site than that of 
FeS2-CNT, which indicated that the sulfur-hydrogen bonds were weakened on Co-doped iron pyrite, 
and thus facilitating the adsorption of hydrogen atom on the active sites and the formation of H-H 
bond (Figure 1.12a-c). Altogether, the doped Co was helpful for reducing the kinetic energy barrier 
of Fe0.9Co0.1S2-CNT and consequently led to its excellent HER performance, showing an 
overpotential of 120 mV at 20 mA cm-2, and a Tafel slope of 46 mV decade-1. Later, another ternary 
FexCo1-xSy compound was prepared via an atomic layer depositional (ALD) bottom-up strategy. [102]  
Through compositional optimization of surface catalyst and the geometric optimization of the 
electrode structure for obtaining high specific activity and surface area, the optimal 
Fe0.54Co0.46S0.92/CNT/CC(carbon nanotubes on carbon cloth) exhibited excellent HER activity with 
an overptential of 70 mV at 10 mA cm-2. Additionally, the HER activity of ternary Co-Fe-S system 
was further improved by surface modification with phosphide (P/Co-FeS2), which yielded a lower 
overpotential of 60 mV at 20 mA cm-2, and a Tafel slope of 41 mV decade-1. [103]                      
FeNiS: The ternary iron nickel sulfides were also confirmed to possess HER activities 
outperforming the single metal sulfides. Long et al. designed an iron-nickel sulfide (INS) with 
superior HER performance by using a topotactic conversion reaction from NiFe-LDH.[104] Especially, 
metallic α-INS nanosheets showed a low overpotential of 105 mV to reach the 10 mA cm-2 and a 
small Tafel slope of 40 mV decade-1. To understand the effect of Fe incorporation on the catalytic 
efficiency for HER, the detailed HER pathways on both the α-INS and α-NiS were investigated by 
DFT calculations. Based on the DFT results (Figure 1.12d,e), a H+ was first adsorbed in a surface 
interstice (Had), followed by the combination with a another H+ to form an adsorbed H2. Then the 
formed H2 migrated to a metal site and finally released from the metal site. The Fe incorporation 
brought the change of electronic structure of the catalytically active center, which the product H2 
tended to be formed on the Fe site on the surface of the α-INS instead of the Ni site of the α-NiS. 
Furthermore, DFT calculations revealed that the Fe doping led to a lower energy barrier for H+ 
adsorption and higher released energy for H2 formation on α-INS than those on α-NiS, thus 
promoting the catalytic activity of α-INS. Notably, the phase transformation from 2H-phase INS to 
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metallic 1T INS could further accelerate charge transfer and thus leading to enhanced HER 
performance. Inspired by the comparable structure properties of Fe-Ni-S system and their potential as 
highly active HER electrocatalysts, Konkena et al. developed natural ore pentlandite as a direct ‘rock’ 
electrode material for HER.[105] Pentlandites have the composition Fe4.5Ni4.5S8, which possess high 
electronic conductivity and a well-defined bimetallic catalytic center (Figure 1.12f). Furthermore, 
the natural ore pentlandite is highly abundant and can be used as highly efficient and stable electrodes 
without further surface modifications. Interestingly, the overpotential decreased from 280 mV to 190 
mV at 10 mA cm-2 after 96 h of HER electrolysis. X-ray photoelectron spectroscopy (XPS) spectra of 
S 2p of the catalyst before and after HER electrolysis revealed that the amount of S22 ̶  was decreased 
which resulted in sulfur vacancies on the surface of the catalyst, thus, promoting the HER 
performance by exposing more Ni-Fe sites. DFT calculations on Fe4.5Ni4.5S8 suggested that the 
as-created sulfur vacancies during HER electrolysis probably modulated the electronic structure of 
the catalytically active Ni-Fe centres and consequently enhanced HER kinetics (Figure 1.12g). 
Subsequently, the role of sulfur vacancies in accelerating the HER catalysis of pentlandite at the 
atomic level was identified by performing nuclear resonant inelastic X-ray scattering (NRIXS) 
studies on pentlandite under HER conditions.[106] NRIXS measurement is able to probe the lattice 
vibrations (phonons) in the near-surface region of the catalyst, affording us to investigate the structure 
deformations and chemical adsorption process. Through comparing the Fe partial vibrational 
densities of state (VDOS) under different conditions provided by NRIXS with theoretical phonon 
spectra collected from DFT calculations conducted for various atomic configurations, the hydrogen 
adsorption process at the atomic lever under reaction condition can be unveiled. Operando NRIXS 
combining with DFT calculations demonstrated that the newly-formed sulfur vacancies promoted the 
H atom to preferentially occupy a former sulfur site rather than an interstitial position, thus lowering 
the energy threshold of the process. Once the sulfur vacancies were fully filled, the hydrogen atom 
would occupy the interstitial site, and the reaction kinetics would be damped. Additionally, Piontek et 
al. further explored the effects of Fe:Ni ratio in (FexNi1-x)9S8 and HER operation temperature on the 
activity. [107] Electrochemical surface area (ECSA) measurements revealed that (FexNi1-x)9S8 with 
Fe:Ni ratio of 1:1 had the largest amount of active sites, which led to its superior HER performance. 
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DFT calculations of the surface structures using the surface energy as a descriptor for the catalytic 
activity revealed that the surface energy of the Fe4.5Ni4.5S8 was the highest among all surface 
structures, which was in line with the experimental results. Furthermore, the overpotential of the 
Fe4.5Ni4.5S8 catalyst was drastically decreased to 138 mV from 190 mV at 10 mA cm-2 when increased 
the operation temperature to 90 oC. 
 
Figure 1.12. (a) Schematic reaction route of HER on sulfur atom of Fe0.9Co0.1S2 edges in acidic media, (b) The 
ΔGH* and H2 molecule on FeS2 (110), Fe0.9Co0.1S2 (110), and Pt (111) catalyst obtained by DFT calculations, 
and (c) The kinetic energy barrier profiles of HER on Fe0.9Co0.1S2 (top) and FeS2 (down) catalysts. Reproduced 
with permission.[101] Copyright 2015, American Chemical Society. (d) Illustration of the reaction pathway on 
α-INS ultrathin nanosheets for HER in acidic environment, (e) Kinetic energy barrier profiles of HER on 
α-INS and α-NiS nanosheets. Reproduced with permission.[104] Copyright 2015, American Chemical Society. 
(f) Crystal structure model of Ni4.5Fe4.5S8, and (g) HER mechanism ( (a) the cluster with the bridging hydride, 
(b) the first order transition state and (c) the cluster with formed H2). Reproduced with permission.[105] 
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Copyright 2016, NPG. (h) Relative energy profiles and the simplified surface structures of the H* formation 
process (left panel) and H2 formation process (right panel) in alkaline on the NiCo2S4 (100) and N–NiCo2S4 
(100). Reproduced with permission.[109] Copyright 2018, NPG. (i) Schematic illustration of fabrication of 
hollow Co-based bimetallic sulfides, (j) TEM images of Zn0.30Co2.70S4, (k) Polarization data of MxCo3–xS4, 
Co3S4, and commercial Pt/C electrodes in 0.5 M H2SO4, and (i) Calculated free-energy diagram of HER on 
pristine and Zn-, Ni-, and Cu-doped Co3S4. Reproduced with permission.[20] Copyright 2016, American 
Chemical Society. 
    NiCoS: As CoxSy and NixSy have been widely developed as efficient electrocatalysts for HER, so 
ternary nickel cobalt sulfides are anticipated to display enhanced electrochemical HER activities as a 
results of the optimized electronic structure by the incorporation of the second metal atom. Jiang et al. 
synthesized NiCo2S4 double-shell ball-in-ball hollow spheres (NiCo2S4 BHSs) using a facile 
solvothermal route.[108] The ball-in-ball structure was supposed to form due to the nanoscale 
Kirkendall effect and the ion exchange reaction. Benefiting from their advantageous chemical 
compositions and unique structures features, the NiCo2S4 BHSs delivered exceptional performance 
with a small overpotential of 89.7 mV at 10 mA cm-2 for HER in alkaline solution. The strong 
interaction between the adsorbed H (H*) and the intensely electronegative sulfur was considered to 
be unfavorable for the HER catalytic activity because it impeded the H* desorbing to produce free H2. 
Thus, Wu et al. proposed a general strategy to weaken the strong H-S interaction for high HER 
activity by doping N into NiCo2S4.[109] XPS, X-ray absorption near-edge structure (XANES) together 
with extended X-ray absorption fine structure (EXAFS) measurements indicated that the 
coordination number of Co-S was decreased because the doped-N occupied the S site on Co-S to form 
Co-N, and the stronger electronegativity of N than S withdrew electrons around metal atoms, leading 
to the decrease of the electron density around the metal atoms. Furthermore, N was also confirmed to 
be a modulator to reduce the electron density around S. DFT calculations unravelled the effect of N 
on the enhanced HER catalytic activity of N-NiCo2S4 at the atomic lever (Figure 1.12h). In alkaline 
HER catalysis, H2O molecule firstly occupied the top site of Co through the Co-O interaction, then 
the HO-H bond was broken and went through a transition state to form the intermediates with H* on 
the S site and adsorbed OH (HO*) on Co site. Finally, HO* desorbed from the surface of the catalyst, 
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leaving the H* on the sulfur site, and this H* combined with previous absorbed H* to form H2*. The 
free Co was ready for the occupation of another H2O molecule. Of note, in the second step, the 
introduction of N into NiCo2S4 reduced the energy barrier of H2O dissociation from 0.74 eV on 
NiCo2S4 to 0.56 eV on N-NiCo2S4. Moreover, the doped-N was also favorable for the desorption of 
H* from S sites by decreasing electron density around S atom. Consequently, the as-obtained 
N-NiCo2S4 proceeded HER process at overpotential of 41 mV to reach 10 mA cm-2 and a small Tafel 
slope of 37 mV dec-1. Furthermore, Sheng et al. assembled a NiCo2S4/Pd heterostructure where Pd 
nanoparticles uniformly incorporated with the flowerlike NiCo2S4 hollow sub-microsphere.[110] The 
as-prepared NiCo2S4/Pd exhibited enhanced HER catalytic activity as compared with NiCo2S4 in 
both acidic and alkaline medias, demonstrating the same overpotential of 83 mV at 10 mA cm-2. 
Supported by the static contact angle technique, the NiCo2S4/Pd catalysts showed smaller contact 
angle, indicating the hydrophilic nature of the NiCo2S4/Pd, which benefited to strengthen the close 
contact with aqueous electrolyte and accelerate HER catalysis. Furthermore, the unique hollow 
heterostructures endowed the NiCo2S4/Pd catalyst with more available active sites, and rapid electron 
and charge transfer, which further accelerated the HER reaction.  
    ZnCoS: Different from the above-mentioned ternary sulfides, zinc cobalt sulfides are generally 
used as active photocatalysts benefiting from their lower optical band gap. Recently, ternary zinc 
cobalt sulfides also show their potential as catalysts for electrochemical water splitting.[20,111] Huang 
et al. developed a self-templated strategy to prepare hollow structured Co-based bimetallic sulfides 
(MxCo3-xS4, M = Zn, Ni, and Cu) used for HER catalysis. Homogenous bimetallic MOFs were used as 
the morphology-directing templates and metallic precursors, which were transformed to highly 
crystalline bimetallic sulfides with void interior by solvothermal sulfidation and subsequent thermal 
annealing (Figure 1.12i,j). Electrochemical measurements showed that all the bimetallic sulfides had 
superior HER activities to Co3S4 (Figure 1.12k). Specially, the optimal Zn0.30Co2.70S4 showed 
unexceptionable HER activity over a wide pH range, with small overpotentials of 80, 90, and 85 mV 
at 10 mA cm-2 in 0.5 M H2SO4, 0.1 M phosphate buffer, and 1 M KOH, respectively. Based on DFT 
calculations on the density of states, the introduction of Zn2+ into Co3S4 could reduce the band gap 
from 0.82 to 0.68 eV, stemming from the improved hybridization between S p orbital and Co d orbital. 
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The decrease of the band gap was favorable for the excitation of charge carriers to the conduction 
band, which led to the enhanced electrical conductivity. DFT calculations also revealed that the 
incorporation of second-metal into the Co3S4 could remarkably optimize ∆GH* to an ideal value. For 
example, the Zn-doping featured the catalyst with a |∆GH*| value of 0.32 eV, which was much smaller 
than that of Co3S4 (0.53 eV) (Figure 1.12l). Consequently, the enhanced electrical conductivity and 
optimized ∆GH* collaboratively promoted the high efficiency of Zn0.30Co2.70S4 for HER. 
1.4.2. TMS for OER 
1.4.2.1 Overview of the OER electrocatalysts based on TMS 
OER is a more complex process in comparison with the relatively simple HER system as it involves a 
sluggish four-electron transfer steps. Transition metal oxides or (oxy)hydroxides are considered to be 
the most common and stable OER catalysts in alkaline electrolyte. Recently, TMS have also emerged 
as promising OER electrocatalysts due to their higher electrical conductivity than their corresponding 
oxides. For instance, Liu et al. reported an ultrathin Co3S4 nanosheets used as excellent OER catalyst 
in neutral solution through synergistically engineering the spin states and exposing high catalytic 
active octahedral planes.[112] Oxygen-containing amorphous cobalt sulfide porous nanocubes were 
also prepared via a facile ionic exchange reaction as an outstanding OER electrocatalyst.[23] The 
introduction of O atom around Co could create more disordered structure, strengthening the O* 
adsorption, thus promoting the OER catalytic activity of the obtained cobalt sulfide. Chauhan et al. 
incorporated Cu into the Co3S4 lattice and prepared a CuCo2S4 nanosheets used as a highly efficient 
OER electrocatalyst.[113] It was found that the introduction of Cu could facilitate the adsorption of 
reactive species, such as OH, O, and OOH by offering Cu2+ sites and a highly active Co3+, 
strengthening the OER catalysis. An integrated OER electrode Fe-Ni3S2/FeNi was also obtained by 
direct growth of Fe-doped Ni3S2 nanosheets arrays on a conductive FeNi alloy foil.[114] The 
uniformly-dispersed Fe-doped Ni3S2 nanosheets on FeNi alloy foil, and the strong interaction 
between Fe-Ni3S2 nanosheets and conductive FeNi alloy foil enabled the catalyst with rich exposed 
active sites and faster electron transfer. Most importantly, Fe doping made this catalyst metallic states. 
All these together contributed to the exceptional OER performance of Fe-Ni3S2/FeNi, with a low 
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overpotential of 282 mV at 10 mA cm-2, and Tafel slope of 54 mV decade-1. The OER activity of the 
iron-nickel sulfide nanosheets on conductive Ni-Fe alloy foam was further enhanced by N doping, 
which showed an overpotential as low as 167 mV at 10 mA cm-2.[115] 
1.4.2.2 Autoxidation of the TMS under OER operation  
 
Figure 1.13. (a) SEM image, and (b) Elemental mapping of a Ni–Fe disulfide nanostructure, (c) HRTEM image, and 
(d) Elemental maps of the Ni–Fe disulfide@oxyhydroxide catalyst after the amperometric OER experiment, (e) 
Schematic explanation of the improved catalytic mechanisms of the Ni–Fe disulfide@oxyhydroxide heterostructure, 
and (f) LSV of Ni–Fe disulfide@oxyhydroxide, Ni–Fe hydroxide and RuO2. Reproduced with permission.[118] 
Copyright 2017, The Royal Society of Chemistry. (g) XRD patterns, (h) Raman spectra of the Ni-sulfide foam 
before and after electrochemical oxidation, and (i) 3D TOF-SIMS image of electrochemically oxidized 
Ni-sulfide foam. Reproduced with permission.[119] Copyright 2018, Elsevier B.V. 
Compared to metal oxides/hydroxides, it is known that TMS are thermodynamically unstable under 
oxidizing potentials. Therefore, TMS tend to be oxidized to their corresponding metal 
oxides/(oxy)hydroxides, especially in the strong alkaline environment. In 2013, Zhou et al. firstly 
synthesized Ni3S2 nanorods/Ni foam composite which were used for catalyzing water to produce 
oxygen.[116] The electrode showed remarkable OER activity with a small onset overpotential of ~157 
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mV. Notably, they found that amorphous nickel oxide layer was formed during OER catalysis. The 
authors simply ascribed the excellent OER performance of Ni3S2/Ni to the rich and new valence 
states of Ni formed in the Ni3S2/Ni composite as well as the synergetic chemical coupling effects 
between Ni3S2 nanorods, the derived nickel oxide layer during OER, and Ni foam. They proposed 
that the hydrated nickel oxide derived from the surface part of Ni2S3 probably provided more active 
sites. However, the reason causing this improved activity of the Ni3S2/Ni composite was not fully 
understood. Afterward, Mabayoje et al. also found that the sulfur anion in the as-prepared nickel 
sulfide was depleted during OER process and gradually converted into an amorphous nickel oxide, 
which became the real active catalyst for OER.[117] Interestingly, the amorphous nickel oxide derived 
from nickel sulfide showed better activity than NiO. The authors roughly ascribed this enhanced 
activity to the amorphous structure and relatively high surface area. The autoxidation process of the 
metal sulfides was further investigated by Zhou’s group.[118] They found that the surfaces of the 
as-prepared nickel-iron disulfide were converted to a thin crystalline oxyhydroxide layer during OER 
catalysis, forming Ni-Fe disulfide@oxyhydroxide core-shell heterostructures (Figure 1.13a-d). Such 
a heterostructure took the advantages of highly active oxyhydroxide and excellent conductivity of the 
interior disulfide (Figure 1.13e), which resulted in a very low overpotential of 230 mV at current 
density of 10 mA cm-2 (Figure 1.13f). In combination with X-ray diffraction (XRD), Raman results, 
and a 3D time-of-flight secondary ion mass spectrometry (TOF-SIMS) of electrochemically oxidized 
Ni-sulfide foam (Figure 1.13g-i), Lee et al. proposed that the material after oxidation process 
composed of Ni hydroxide or Ni (oxy)hydroxide up to 700 nm in thickness on the surface of Ni3S2. 
Moreover, they elucidated that sulfur in Ni-sulfide was an activator that could facilitate the creation of 
Ni(OH)2/NiOOH mixtures on the surface of Ni-based electrocatalysts, and provided numerous active 
sites, thereby favoring the great improvement of the OER performance.[119]  
1.4.2.3 Functionalization of TMS as OER Electrocatalysts  
Autoxidation of the TMS in OER process is a double-edged sword. On the one hand, it could in situ 
generate catalytically highly active sites to accelerate OER kinetics. On the other hand, it also results 
in the dissolution of active catalysts and consequently decresing the stability and activity. As reported 
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by the authors investigated the structural and compositional change of OER catalyst FeNiS2 
nanosheets under OER process by using ex-situ high-resolution TEM (HRTEM) and 
energy-dispersive X-ray spectra (EDX). The autoxidation process was confirmed by the formation of 
oxides after OER test. HRTEM image showed that the highly crystalline FeNiS2 transfered to 
amorphous structure as there was no obvious crystal lattice fringe were observed. EDX results 
revealed that a large number of O element appeared with the decrease of Ni and S contents. Especially, 
the S element was reduced dramatically, indicating the formation of oxide and the dissolution of Ni 
and Ni elements during the OER process. The newly-formed amorphous structure with more defects 
or vacancies could promote the OER performance by offering more active sites to catalyze OER. 
However, the formation of oxide and the dissolution of S and Ni elements also impaired the structure 
of the catalysts, weakening the performance and stability. Therefore, efficient strategies to take the 
advantage of autoxidation under OER conditions while relieve its negative effects are greatly desired.  
(1) Integrating with stable metal oxides/hydroxides  
To improve the stabilities of TMS under OER conditions in alkaline electrolyte, integrating TMS with 
stable metal oxides or hydroxides tends to be a promising strategy.[120] Xu et al. fabricated a hollow 
CeOx/CoS hybrid nanostructure by in situ growing of protective CeOx nanoparticles on the surface of 
CoS.[121] Based on XPS, HRTEM and electron spin resonance (ESR) spectra results, it can conclude 
that the decoration of CeOx nanoparticles can tune the molar ratio of Co2+/Co3+ by changing 
electronic states on the surface of CoS, create more sulfur and oxygen vacancies to accelerate the 
OER kinetics and activity, and effectively prevent the CoS from corrosion. Consequently, the 
as-formed CeOx/CoS heterostructures showed a low overpotential of 269 mV at 10 mA cm-2 to 
catalyze water oxidation and considerable stability in alkaline electrolyte. In addition, Zou et al. 
developed a universal ultrafast interfacial reaction strategy to obtain a prominent and stable OER 
electrocatalyst (Ni-Fe-OH@Ni3S2/NF) via a ultrafast (5s) growth of amorphous Ni-Fe bimetallic 
hydroxide (Ni-Fe-OH) films on conductive Ni3S2 nanostructure on NF substrate.[122] Impressively, 
the material delivered current density of 10 mA cm-2 at very low overpotential of 165 mV. The 
catalytic activity was retained well over 50 h even at a high current density. The high activity of 
Ni-Fe-OH@Ni3S2/NF should be ascribed to the structural and catalytic properties of amorphous 
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Ni-Fe-OH and Ni3S2 nanosheet arrays. Following this method, Shang et al. hybridized a Fe 
hydroxides film with V-doped nickel sulfide nanowires on NF (eFe/NiVS/NF) using 
electrodeposition method.[123] In comparison with the uFe/NiVS/NF obtained by ultrafast chemical 
deposition method, the as-prepared eFe/NiVS/NF showed uniformly dispersed Fe hydroxides film, 
and possessed better OER activity and stability than uFe/NiVS/NF.     
(2) Hybridizing with conductive templates  
 
Figure 1.14. The spatial distributions of an extra electron from an OH- group adsorbed on (a) NGA, (b) CNS, 
and (c) CNS-NGA surfaces, (d) Band diagram for CNS-NGA hybrid before and after the junction formation, 
(e) Calculated energy landscapes for the NGA, CNS, and CNS-NGA systems with U = 0 and 0.7 V, (f) Work 
function and oxidation energy of CNS as a function of oxidation mole fraction at S sites, and (g) OER catalytic 
pathways at CNS and CNSO boundaries. Reproduced with permission.[19] Copyright 2018, American 
Chemical Society. 
Extensive researches have demonstrated that integrating transition metal sulfide with conductive and 
highly stable carbon substrates, like graphene, is another effect strategy to circumvent the weakening 
of the autoxidation of the catalysts. For example, Jiang et al. assembled iron-nickel sulfide nanosheets 
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with N-doped reduced graphene oxide (FeNiS2 NS/rGO) using an one-pot colloidal pathway and 
subsequent annealing treatment under NH3/Ar atmosphere.[124] As expected, FeNiS2 NS/rGO 
demonstrated a much smaller overpotential (200 mV) than those of FeNiS2 NS (410 mV) and FeNiS2 
NS + rGO (260 mV) at 10 mA cm-2. Moreover, long-term stability tests showed that FeNiS2 NS/rGO 
can remain the good stability over 50 h, while apparent current decay was observed for FeNiS2 NS + 
rGO over 1h. Compared with the severe composition and structure changes of FeNiS2 NS caused by 
the autoxidation process under OER condition, TEM and XPS results revealed that the raw 
morphology and structure of the FeNiS2 NS/rGO remained well, although the oxidization of Ni and S 
on the surface still occurred inevitably. The enhanced activity and robust stability of the FeNiS2 
NS/rGO composite were considered as the results of high electrical conductivity and abundance of 
active sites.  
    However, to promote the practical applications of transition metal sulfide-based electrocatalysts, 
an in-depth understanding of the synergistic effects between metal sulfide and its derived metal oxide 
(hydroxide) as well as the substrate on the improved catalytic activity and stability of the composite is 
important. Han et al. revealed the origin of the enhanced OER activity and stability of transition metal 
sulfide-graphene based on a prototype Co1-xNixS2-N-doped reduced graphene aerogel composite 
(CNS-NGA).[19] According to DFT calculations, hybridizing the CNS with NGA template was 
favorable for the construction of metal-semiconductor (SC) junctions at the anchored Co atoms on 
pyridinic N sites in the RGO, and this SC junction performed as an electron sink which accelerated 
the absorption of the electrons of OH- ions on its surface. The internal band bending at these junctions 
further supported the fast electron transfer from CNS to RGO. Furthermore, the formed amorphous 
metal oxide layer derived from the surface oxidation of CNS during OER catalysis promoted the 
adsorption and desorption of OH and H atoms, favoring the OER reaction (Figure 1.14). 
Consequently, all these aspects together enabled the CNS-NGA as a highly efficient and robust OER 
catalyst in alkaline electrolyte.          
1.4.2.3 Developing new active OER electrocatalysts by utilizing the 
autoxidation of TMS  
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As mentioned above, autoxidation of the TMS has both positive and negative effects on the OER 
activity of the electrocatalysts. Some strategies have been adopted to decrease the negative effects. As 
for the positive effects, researches have proved that the autoxidation of the electrcatalysts enable them 
possess superior OER electrocatalytic performances to those of the corresponding 
directly-synthesized metal oxides/hydroxides, which may due to the following reasons: (a) the 
amorphous metal oxide/hydroxide phases derived from the TMS are more catalytically active and 
serve as a protective layer to inhibit the further corrosion of TMS; (b) in turn, the highly conductive 
TMS could act as the scaffolds for the active metal oxide/hydroxide species; (c) the strong coupling 
interactions and synergistic effects between the two different components will facilitate the electron 
transfer for OER.[125]  
Motivated by these findings, more and more works start to purposefully use the autoxidation of 
TMS under OER condition to prepare highly active OER catalysts. For instance, Chen et al. reported 
an efficient OER catalyst composed of Co-Ni-Fe oxide grown on the 3D carbon fiber cloth via in situ 
electrochemical oxidation tuning from its corresponding sulfide (TMSs), as shown in Figure 
1.15a-e.[126] Due to the increase of surface area and active sites as well as the reduction of grain size, 
the electrochemically tuned Co-Ni-Fe oxides (ECT-TMOs) exhibited an obviously increased OER 
activity than directly-synthesized Co-Ni-Fe oxides (TMOs), with an overpotential of 232 mV at 10 
mA cm-2 and Tafel slope of 37.6 mV decade-1. Yin et al. prepared cobalt-nickel sulfide porous 
nanowires with abundant oxygen vacancies (NiS2/CoS2-O NWs) via in situ electrochemical reaction 
at the potential that OER occur.[127] During the OER process, the NiS2/CoS2 NWs could acquire 
electrons, and were partially oxidized to corresponding oxides on the surface (Figure 1.15f,g). 
Meanwhile, XPS and electron spin resonance (ESR) results (Figure 1.15h,i) revealed that abundant 
oxygen vacancies were formed, which might be created by the lattice oxygen of metal oxides or 
during metal reduction in aerobic environment. DFT calculations were conducted to estimate the 
energetic profiles of OER on different catalysts (CoS2–O, NiS2–O, and NiS2/CoS2–O), which 
indicated that NiS2/CoS2-O NWs had the lowest overpotential (Figure 1.15j,k). Consistent with the 
theoretical speculation, the as-obtained NiS2/CoS2-O NWs exhibited remarkable OER activity with a 
low overpotential of 235 mV at 10 mA cm-2, benefiting from the excess active sites provided by the 
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abundant oxygen vacancies and interface structure.    
 
Figure 1.15. (a) Schematic representation of the synthesis process of ECT-TMOs and their corresponding 
morphologies (b-e). Reproduced with permission.[126] Copyright 2015, American Chemical Society. (f,g) 
HRTEM images, (h) XPS spectra, (i) ESR spectra of NiS2/CoS2 NWs and NiS2/CoS2–O NWs, and j) Atomic 
structure and k) OER energetic proﬁles on CoS2–O, NiS2–O, and NiS2/CoS2–O. Reproduced with permission. 
[127] Copyright 2017, Wiley-VCH. 
1.4.3. Building bifunctional electrocatalysts for both HER and OER  
Numerous transition metal sulfides have been developed and demonstrated their promising as highly 
efficient HER or OER catalysts. Nevertheless, most catalysts can be used for only HER or OER 
owing to their intrinsic limitation to keep active and stable in a wide pH range. For example, most 
HER catalysts are active in acidic solution, while the OER catalysts are limited to work in alkaline 
solution to avoid dissolution. Taking the cost and efficiency into consideration, fabricating 
bifunctional catalysts with high activities for both HER and OER is technologically important. 
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Recently, the exploration of TMS as highly active electrocatalysts with bifunctionality for overall 
water splitting is receiving considerable attention[128–134] and some excellent electrocatalysts have 
been achieved through the following strategies.  
1.4.3.1 Engineering advanced heterostructures  
Assembling two or more materials into one system is the most attractive strategy to realize 
bifunctional catalysts. The newly formed advanced composites can not only take advantage of the 
merits of single counterparts to optimize their performances but also potentially bring new functions 
for broader applications.[135–141] It is known that MoS2 and WS2 are robust HER catalysts while they 
show poor OER performance. In turn, first-row mental sulfides, oxides, and hydroxides, such as 
Co9S8, Co(OH)2, are efficient OER catalysts in alkaline media. Therefore, coupling the stable HER 
building blocks with the active OER catalysts units into compacts paves a way to realize highly 
effective bifunctional catalysts for electrocatalysis of water splitting. Based on this concept, Zhang et 
al. firstly reported a bifunctional water splitting electrocatalyst composed of MoS2/Ni3S2 
heterostructures with abundant interfaces.[142] MoS2/Ni3S2 heterostructures showed overpotentials as 
low as 218 mV for OER and 110 mV for HER at 10 mA cm-2. The alkaline water splitting electrolyzer 
assembled by MoS2/Ni3S2 heterostructures showed a low cell voltage of 1.56 V to reach the current 
density of 10 mA cm-2. Notably, after long-time stability test of MoS2/Ni3S2 under OER condition, a 
thin layer of NiO were identified on Ni3S2. The constructed interface between the formed NiO and 
MoS2 was considered to facilitate OER process, while the interface between Ni3S2 and MoS2 stably 
strengthened HER reaction. With the support by DFT calculations (Figure 1.16a,b), the constructed 
interfaces were synergistically favorable for the H-chemisorption and HO-chemisorption, thus 
boosting the water splitting reaction. Around the same time, Yoon et al. designed a 3D networked 
nanoplates of CoS-doped β-Co(OH)2@amorphous MoS2+x on NF (CoS-Co(OH)2@aMoS2+x/NF), 
which the amorphous MoS2+x with unsaturated sulfur sites was responsible for the HER activity, 
whereas the CoS-doped β-Co(OH)2 acted as OER catalyst.[143] Meanwhile, the strong interactions 
between MoS2+x and CoS-doped β-Co(OH)2 connected by CoSx bridge endowed the 
CoS-Co(OH)2@aMoS2+x/NF composite with superior electrocatalytic performance and robust 
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stability for water splitting, showing a cell voltage of 1.58 V at 10 mA cm-2 in 1.0 M KOH.  
 
Figure 1.16. (a) Chemisorption models of H and OH intermediates on the surfaces of MoS2, Ni3S2, NiO, 
MoS2/Ni3S2 heterostructures and MoS2/NiO heterostructures, respectively, and (b) The predicted mechanisms 
of the dissociation of H2O, OH, and OOH intermediates on the MoS2/Ni3S2 heterostructures. Reproduced with 
permission.[142] Copyright 2016, Wiley-VCH. (c) Schematic representation of the synthetic process of 
FeCoNi-HNTAs. Reproduced with permission.[144] Copyright 2018, NPG.  
Additionally, elaborately assembling the synergistic components into a well-designed 
architecture could further strengthen the electrochemical catalytic performance of bifunctional 
catalyst. For example, Li et al. assembled a hybrid polymetallic sulfide nanotube-array electrode on 
NF for overall water splitting (Figure 1.16c).[144] In this hybrid system, trimetallic iron, cobalt, and 
nickel sulfides were selected for adjusting OER reactivity. Metallic 1T’ phase MoS2 was employed as 
a robust HER catalyst. Nanotube-array architectures with high porosity and large active surface area 
were constructed for facilitating the diffusion of as-generated gas bubbles on the surface of the 
electrode. Consequently, this polymetallic sulfides system leveraged the multiple advantages to 
possess exceptional low overpotentials of 58 mV and 184 mV at 10 mA cm-2 for HER and OER, 
respectively, and showed outstanding long-term durability without obvious current loss over 80 h. 
When this catalyst was used for cathodic water reduction and anodic water oxidation in a water 
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splitting system simultaneously, it delivered a current density of 10 mA cm-2 at a cell voltage of 1.429 
V in alkaline electrolyte.  
1.4.3.2 Heteroatom doping  
Regulating the composition of TMS by heteroatom doping is also an effective way to construct 
efficient bifunctional water splitting electrocatalysts. The introduction of heteroatom could optimize 
the adsorption energy of the reactive species by regulating the electronic structure, increasing the 
catalytic active sites, and building defect and distortion in host materials, making it possible to 
achieve a catalyst with bifunctionality and enhanced water splitting catalytic performance. [145–149] 
Xiong et al. reported a cobalt covalent doping method to induce the bifunctionality of HER and OER 
into MoS2 for catalyzing overall water splitting.[150] Covalent doping Co into MoS2 could increase 
intrinsic conductivity and decrease ΔGH* by optimizing electronic structure of the catalyst, thus 
leading to enhanced HER performance. The improvement of OER activity should be ascribed to the 
formation of high valence state Co species under anodic potentials in alkaline solution. Consequently, 
the optimal cobalt covalently doped MoS2 exhibited unexceptionable HER and OER bifunctionalities 
with HER and OER overpotentials of 48 and 260 mV at 10 mA cm-2, respectively. When the cobalt 
covalently doped MoS2 was assembled in an alkaline electrolyzer, it can produce 9.1 and 4.5 µmol 
min-1 of H2 and O2 with a near 100% Faradaic efficiency, respectively. Liu et al. designed an efficient 
material for catalyzing water splitting which comprised of copper clusters-coupled amorphous cobalt 
sulfide deposited on copper foam (Cu@CoSx/CF).[151] The resulting hybrid could function effectively 
as both the anode and cathode in an alkaline water splitting electrolyzer, which afforded current 
density of 10 mA cm-2 at 1.5 V. Furthermore, the Cu@CoSx/CF electrolyzer could keep the current 
density of 100 mA cm-2 without obvious current reduction over 200 h of the water catalytic reaction at 
1.8 V. Experimental results and theoretical calculations revealed that the synergistic effects between 
Cu clusters and CoSx mainly contribute to the excellent catalytic performance of Cu@CoSx/CF 
toward overall water splitting. Besides, Cu clusters could promote the interfacial charge redistribution 
of Cu@CoSx which enhanced the electronic transport and water molecules adsorption on the surface 
of catalyst. Meanwhile, it could also accelerate the water dissociation, further facilitating the water 
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splitting reaction kinetics. In addition, Liu et al. developed a highly active heterogeneous catalyst 
toward overall water splitting by introducing vanadium (V) into the pyrite NiS2.[152] It was found that 
the electronic structure of NiS2 transfered from semiconductive characteristic to metallic 
characteristic after V incorporation, which originated from the electron transfer between doped V and 
Ni sites based on XAS measurements. Thus, the metallic V-doped NiS2 exhibited an extraordinary 
electrocatalytic performance. 
Except the cation doping, Chen et al. developed a superior water splitting electrocatalyst 
composed of N-anion-decorated Ni3S2 material on NF.[96] The electronic state and morphology of 
Ni3S2 were largely optimized by the N anions doping, rendering high electrical conductivity, 
abundant active sites, and optimal ΔGH* and water adsorption energy ΔGH2O* for catalysis of water. 
Therefore, the prepared N-Ni3S2/NF exhibited a low overpotential of 110 mV at 10 mA cm-2 towards 
HER and an overpotential of 330 mV at 100 mA cm-2 for OER in alkaline electrolyte, respectively. 
Remarkably, the corresponding alkaline electrolyzer constructed by N-Ni3S2/NF achieved the current 
density of 10 mA cm-2 at low potential of 1.48 V. A catalyst with large surface area, rich defects and 
optimized electronic structures is expected to afford high activity for water splitting. Hence, Hu et al. 
constructed a highly efficient 3D Se-(NiCo)Sx/(OH)x nanosheets on NF for electrocatalytic water 
splitting through morphology control, defect engineering, and electronic structure modification.[153] 
Ultrathin nanosheets featured the catalyst with high surface areas, ample accessible active edges as 
well as rich coordination-unsaturated metal sites. The Se incorporation created abundant defects and 
disorder, which benefited the adsorption of OH-/H2O on the electrode and consequently boosted the 
water electrocatalytic kinetics. Benefiting from these merits, the as-obtained Se-(NiCo)Sx/(OH)x 
hybrids exhibited overpotentials of 155 and 103 mV at 10 mA cm-2 toward OER and HER, 
respectively. The water splitting device assembled by Se-(NiCo)S/OH presented a low potential of 
1.6 V and maintained steady stability over 66 h with negligible current degradation. 
1.4.3.3 Activation of the single TMS 
Besides the strategies mentioned above, developing bifunctional electrocatalysts based on TMS by 
tailoring the geometric structure, such as increasing the active sites by exposing more catalytically 
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favorable facets, is also a promising route. Feng et al. reported Ni3S2 nanosheets arrays with abundant 
{2̅10} high-index facets on NF, which performed a highly active performance for both HER and 
OER.[154] Theoretical calculations reveal that the {2̅10} high-index facets possessed more-active S- 
and Ni-related HER-active sites than the low-index (001) surface, accelerating the HER process. 
Meanwhile, the required overpotential values on the (2̅10) surface was smaller than the (001) surface, 
indicating the better catalytic activity of (2̅10) surface toward OER. Therefore, the exposed {2̅10} 
high-index facets together with the synergistic effects between Ni3S2 nanosheet and NF contributed to 
the efficient catalytic activity of Ni3S2/NF toward catalysis of water, with ~100% Faradaic efficiency 
and remarkable catalytic stability over 200 h. Later, MoS2 was activated to catalyze both HER and 
OER by depositing the self-assembled M(abt)2 (M = Ni, Co, abt = 2-amin-obenzenethiolate) 
monolayer onto MoS2 using a liquid-deposition method.[155] Based on DFT calculations and classical 
molecular dynamics (MD), it was found that on-surface self-assembly of M(abt)2 onto the MoS2 
could maximally activate the large-area basal plane of MoS2 for HER, and made it possible for MoS2 
to catalyze OER.   
1.5. Conclusion and Objectives  
Over the last few decades, numerous catalysts based on TMS have been explored and showed their 
potential to be candidates of noble metal-based catalysts for HER, OER and bifunctional overall 
water splitting. More importantly, some universal strategies have been proposed to prepare highly 
efficient electrocatalysts for water splitting. For HER electrocatalysts, taking 2D layer MoS2 and 
WS2 as example, improving the catalytic activity by creating more exposed active sites via 
nanostructure engineering (e.g., mesoporous structure and vertically aligned nanofilms) and defect 
engineering, optimizing electron structure and conductivity by phase control (e.g., transformation 
from 2H-phase to the 1T-phase, amorphous), activating basal planes and S-terminated edges (e.g., 
element doping or creating S vacancies), expanding the interlayer space, and assembling with 
conductive substrates (e.g., graphene, carbon nanotubes). For OER, except the similar strategies to 
increase the catalytic performance of the electrocatalysts, it should be worth noting that TMS are 
easily to be oxidized to corresponding oxides or hydroxides, while this autoxidation of the TMS in 
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OER process has both positive and negative effects on the catalytic activities of the electrocatalysts. 
It may result in the dissolution of active species and consequently dampening the stability and 
activity. Thus, to solve this problem, many works tried to integrate TMS with stable metal oxides 
and hydroxides, or conductive carbon substrates. Whereas, the autoxidation of TMS has also been 
demonstrated to be in favor of boosting the OER kinetics, resulting in enhanced OER activities of 
the derivatives compared to the precatalysts of TMS. Of note, this autoxidation of TMS provides 
some ideas to prepare other highly active catalysts. For the design of the bifunctional 
electrocatalysts used for water splitting electrolyzer, the most common method is to assemble the 
robust active HER catalysts with highly efficient OER catalysts to construct heterostructures. 
Heteroatoms doping is also verified as an efficient way to build the bifunctional system. Moreover, 
activating the single phase of metal sulfides is gradually developed recently. 
    Although some strategies have been developed for improving the electrocatalytic activites of 
TMS for water splitting, most researches focus on the performance optimization of electrocatalysts 
for only HER or OER. Taking cost and efficiency into consideration, engineering advanced 
electrocatalysts with bifunctionality for both HER and OER is of utmost importance yet challenging, 
as most catalysts can be used for only HER or OER own to their intrinsic limitation to keep active and 
stable in a wide pH ranges; Moreover, the performances of as-obtained electrocatalysts are still 
inferior to those of electrocatalysts based on noble metals. Some synthetic methods of catalysts 
require multistep procedures, which make them difficult to scale up. Therefore, it is urgent to 
develop facile and efficient approaches to fabricate highly efficient bifunctional electrocatalysts for 
water splitting. In my Ph.D study, I focus on the design of efficient bifunctional electrocatalysts for 
water splitting based on transition metal sulfides by manipulating their internal and external 
nanoarchitectures. More importantly, I can extend the developed strategies to the synthesis of other 
materials (e.g. metal phosphide, metal carbide) with high activities for energy storage and 
conversion system. 
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One-Pot Synthesis of Zeolitic Imidazolate Framework 
67-Derived Hollow Co3S4@MoS2 Heterostructures as 






The demands for clean and sustainable energy are ever increasing due to energy scarcity and 
environmental consequences resulting from fossil fuel combustion.[1] Today, the development of 
low-cost, sustainable, and high-efficiency energy resources rather than fossil fuels is urgently 
required for the future energy supply. Electrocatalytic water splitting to hydrogen and oxygen has 
been demonstrated as a promising and appealing pathway for renewable energy production.[2] 
Currently, noble metals and their alloys such as Pt [3] and RuO2/IrO2 [4] still hold unbeatable 
electrocatalytic hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) properties 
with extremely low overpotential and high exchange current density, respectively. However, the 
prohibitive cost, low abundance, and poor durability of noble metals are still big hurdles for 
large-scale practical application. Consequently, the replacement of noble metals with earth-abundant 
and electrocatalytic active alternatives is highly desirable, and the steady progress in non-noble 
metal-based catalysts is inspiring and holds promise for practical application. Both theoretical and 
experimental investigations reveal that molybdenum-based sulfides, carbides, and phosphides, 
including MoS2,[5-9] Mo2C,[10-12] and MoP,[13,14] are promising candidates for HER. Earth-abundant 
transition-metal-based sulfides, oxides, and layered double hydroxides (LDH) such as Co3S4,[15,16] 
Co3O4,[17,18] and CoNi-LDH[19] have shown efficient OER electrocatalytic performance. Despite 
large numbers of superior catalysts with comparable HER or OER performances to noble metals 
having been prepared, fabricating a bifunctional catalyst with distinguished performance for both 
HER and OER is still a challenge. Therefore, in this study, I propose to prepare a bifunctional catalyst 
which can be used for both OER and HER. 
Attractively, heterostructures usually display increased electrocatalytic activities over the 
single-phase counterpart due to the unique structural interaction and electronic transfer between the 
different components.[20-23] Ramos et al.[24] proposed a model for Co9S8/MoS2 interface based on 
density functional theory analysis and showed the creation of open latent vacancy sites on Mo 
atoms interacting with cobalt and the formation of Co-Mo bonds, which can generate strong 




Presumably, electron transfer between adjoining phases would promote the catalytic activity of 
MoS2 (and/or, possibly, of Co9S8) to a more favorable value. Furthermore, some reports[25,26] have 
proved that the doping of transition-metal atoms (e.g., Co, Ni) could modulate and optimize the 
electronic structure of molybdenum disulfide and lead to increased catalytic activity. Thus, the 
combination of the well-known HER active catalyst of MoS2 and the researched OER active 
catalyst of Co3S4 provides us with a good opportunity to fabricate a highly effective bifunctional 
catalyst for both HER and OER. On the other hand, a well-designed structure is also regarded as an 
efficient approach toward a highly active catalyst. 
 
Figure 2.1. Schematic illustration of the formation of hollow Co3S4@MoS2 heterostructures. Process I: 
formation of hollow Co3S4 structures based on the transformation of ZIF-67 in TAA solution. Process II: 
growth of MoS2 nanosheets on the surfaces of Co3S4. 
Hollow nanostructures with defined nanoscale dimensions have attracted great interest because 
of the intriguing features such as low density, shell permeability, and rich electroactive sites.[27,28] 
However, fabricating hollow nanoarchitectures with delicate compositions and morphologies is still 
a significant challenge. To date, the hollow structures of catalysts have been synthesized, mainly 
adopting template-assisted strategies, including hard- and self-sacrificed templates.[29] As compared 
to the complex steps of using hard templates, self-sacrificed templates tend to be better choices for 
fabricating hollow nanoarchitectures. Recently, metal-organic frameworks (MOFs) have proved to 
be versatile precursors and templates for the preparation of various forms of nanomaterials due to 




nanocomposites/hybrids have been developed using MOFs (e.g., zeolitic imidazolate framework, 
ZIF-67),[30-32] there is no doubt that infinite nanomaterials with precise multifunctional 
compositions and controlled morphologies (e.g., zero- to three-dimensional, hollow, and core-shell) 
remain to be explored from MOFs. One of the current challenges in fulfilling the requirement is 
developing innovative synthetic strategies for triggering the reaction between the elaborately 
selected MOFs and the additional reactants (e.g., metal ion sources or organic precursors). 
Inspired by the above considerations, in this chapter, I chose a HER active catalyst of MoS2 
and an OER active catalyst of Co3S4 to build a bifunctional catalytic system, and a core-shell 
Co3S4@MoS2 heterostructure consisting of a hollow Co3S4 polyhedron as the core and MoS2 
nanosheets as the shell was successfully prepared (Figure 2.1). The unique hollow structure and 
synergistic effect endow Co3S4@MoS2 with enhanced catalytic activities in terms of low 
overpotential, high current density, and durability for both HER and OER compared to those of 
individual hollow Co3S4 polyhedrons and MoS2 nanosheets. Furthermore, it is noteworthy that such 
a unique hollow core-shell Co3S4@MoS2 heterostructure can be realized only through one-pot 
synthesis involving a two-step temperature-raising hydrothermal process to first trigger a reaction 
between cobalt-containing ZIF-67 and thioacetamide (TAA) at 120 °C (to form a hollow Co3S4 core) 
and then drive the second reaction between the Mo precursor and thioacetamide at 200 °C (to form 
a MoS2 nanosheet shell). I believe this efficient strategy may not only pave a new way for preparing 
other core-shell-structured nanomaterials but also shed some light on the development of other 
sulfide-based electrocatalysts by optimizing the composition and structure of the catalysts. 
2.2. Experimental Section 
2.2.1. Materials 
Cobalt nitrate hexahydrate (Co(NO3)2·6H2O, 99%), thioacetamide (CH3CSNH2), absolute ethanol, 
and methanol were purchased from Wako Co. Nafion solution (5 wt %) and sodium molybdate 
dihydrate (Na2MoO4·2H2O, 99.5%) were purchased from Sigma-Aldrich Chemical Co. 






Firstly, ZIF-67 template was prepared as follows: cobalt nitrate hexahydrate (0.873 g) was dissolved 
in methanol (30 mL) to form a solution. 2-Methylimidazole (0.984 g) was dissolved in methanol (10 
mL) to generate another clear solution. Then, the two solutions were mixed together and shaken 
vigorously for 3 min. The mixture solutions were kept at room temperature for 12 h. After that, the 
precipitates were collected, separated by centrifugation, washed carefully with methanol, and dried at 
80 °C overnight. Then, Twenty-five milligrams of ZIF-67 particles was redispersed in 6 mL of 
ethanol under sonication for 30 min to obtain a homogeneous solution; 2 mL of thioacetamide 
(0.1875 M, ethanol) was then added to the solution while stirring for 30 min, followed by addition of 
2 mL of Na2MoO4·2H2O (0.0625 M, water) while stirring for another 10 min. Afterward, the mixture 
was transferred to a Teflonlined stainless steel autoclave (25 mL) and kept at 120 °C for 4 h first, and 
the temperature was continuously increased to 200 °C and kept for another 8 h. After being cooled to 
room temperature naturally, the black precipitates were harvested by several rinsing-centrifugation 
cycles with deionized (DI) water and ethanol and then dried at 80 °C. Finally, they were annealed 
under a N2 atmosphere at 350 °C for 2 h with a heating rate of 1 °C·min-1 to obtain hollow 
Co3S4@MoS2 heterostructures. 
    For comparative studies, more samples were prepared to obtain insights into the relationships 
between structures and electrocatalytic activity. Hollow Co3S4 polyhedrons were prepared by adding 
2 mL of thioacetamide (0.1875 M, ethanol) to the ethanolic solution containing ZIF-67 particles; the 
mixture was then transferred to a Teflon-lined stainless steel autoclave (25 mL) and kept at 120 °C for 
4 h. Finally, Co3S4 sample was collected using the same process of centrifugation, drying, and 
annealing. MoS2 nanosheets were synthesized by using a procedure similar to that of Co3S4@MoS2 
except without adding the ZIF-67 precursor, and the mixture was directly kept at 200 °C for 8 h.  
2.2.3. Characterization 
X-ray diffraction (XRD) patterns were collected on a Rigaku RINT 2000 X-ray diffractometer with 
monochromatic Cu Kα radiation (40 kV, 40 mA) at a scanning rate of 1 °C·min-1. Scanning electron 




voltage of 5 kV. Transmission electron microscopy (TEM), scanning transmission electron 
microscopy (STEM) images, energy-dispersive X-ray spectroscopy (EDXS), and elemental mapping 
analysis were performed using a JEM-2100F operated at 200 kV. X-ray photoelectron spectroscopy 
(XPS) spectra were obtained by using a PHI Quantera SXM (ULVAC-PHI) instrument with an Al Kα 
X-ray source. All binding energies were calibrated via referencing C 1s binding energy (285.0 eV). 
2.2.4. Electrochemical Measurements 
All electrochemical measurements were obtained using a CHI 660EZ electrochemical workstation 
with a conventional three-electrode cell. A saturated calomel electrode (SCE, 0.241 V vs RHE) and a 
graphite rod served as the reference electrode and counter electrode, respectively. The working 
electrode was prepared as follows: 2 mg of catalyst was dispersed in 500 μL of water-ethanol solution 
(volume ratio of 3:1) with 25 μL of Nafion solution (5 wt %) to form a homogeneous ink assisted by 
ultrasound for 1 h. Then, 5 μL of the suspension was dropped on a polished glassy carbon (GC) 
electrode with a 3 mm diameter (loading 0.283 mg· cm-2) and dried under an infrared lamp. For linear 
sweep voltammetry (LSV) measurements, polarization curves were obtained at a sweep rate of 5 
mV·s-1. All measured potentials were referred to reversible hydrogen electrode (RHE) with the 
following equation: ERHE = ESCE + (0.241 + 0.059 × pH).  
The ohmic potential drop (iR) losses that arise from the solution resistance were all corrected. 
Tafel plots of the overpotential vs the log (current density) were recorded with linear portions at low 
overpotentials fitted to the Tafel equation (η = a + blog j, where η is the overpotential, b is the Tafel 
slope, j is the current density, and a is the exchange current density). Electrochemical impedance 
spectroscopy (EIS) was carried out within a frequency range of 1-100 000 Hz with an amplitude of 10 
mV at -0.15 vs. RHE in 0.5 M H2SO4 and 1.5 V vs. RHE in 1 M KOH. Stability tests were performed 
through continuous cyclic voltammetry (CV) measurements in the potential range from 0 to -0.6 V vs. 
RHE in 0.5 M H2SO4 and 1.2 to 1.8 V vs. RHE in 1 M KOH with a scan rate of 100 mV·s-1 for 500 
cycles.  
Cyclic voltammetry was carried out to probe the electrochemical double layer capacitance (Cdl) 




0.3 and 0.5 V (vs. RHE in 1 M KOH) with sweep rates of 10, 20, 40, 60, 80, 100, 150, and 200 mV s-1. 
By plotting the difference of current density between the anodic and cathodic sweeps at 0.25 V vs. 
RHE in 0.5 M H2SO4 and 0.35 V vs. RHE in 1 M KOH against the scan rate, a linear slope, which is 
equivalent to twice the value of Cdl, can be obtained.  
2.3. Results and Discussion 
Uniform ZIF-67 polyhedrons formed from the coordination reaction between Co ions and 
2-methylimidazole were first prepared as morphological templates and cobalt precursors. The XRD 
pattern of ZIF-67 polyhedrons (Figure 2.2a) illustrates their high crystallinity, and all main 
diffraction peaks are well-matched with the standard simulated XRD pattern of ZIF-67 crystals.[33] 
SEM and TEM images (Figures 2.2b-d) reveal that ZIF-67 crystals have well-defined rhombic 
dodecahedral shapes with smooth surfaces and a uniform particle size of ∼1.5 μm. Then, hollow 
Co3S4 polyhedrons were first formed by in situ transformation of ZIF-67 in TAA solution at 
120 °C,[32] followed by the growing of MoS2 nanosheets on the surfaces of Co3S4 polyhedrons when 
the temperature increased to 200 °C. Finally, the products were collected and annealed in a N2 
atmosphere to produce highly crystalline Co3S4@MoS2 heterostructures. 
 





Figure 2.3. (a and b) SEM images, (c–e) TEM images, and (f) corresponding high resolution TEM images of 
hollow Co3S4@MoS2 heterostructures. Inset in panel a is a high magnification image of a single particle of 
Co3S4@MoS2. 
As shown in Figure 2.3a, Co3S4@MoS2 heterostructures inherit a uniform rhombic 
dodecahedral shape from the ZIF-67 templates, while a different hollow structure of Co3S4@MoS2 
is identified clearly from a random cracked particle (inset in Figure 2.3a). In contrast with the 
smooth surface of ZIF-67, the Co3S4@MoS2 heterostructure has a rough surface and is decorated 
randomly with layered nanosheets (Figure 2.3b), which are proven to be MoS2 nanosheets in a later 
characterization. TEM observation confirms the same structural features as revealed by the SEM 
images above. As found from calculation from one single particle in Figure 2.3c, the hollow 




Figure 2.3d) and outer MoS2 nanosheets (Figure 2.3d). As observed in the magnified TEM image 
(Figure 2.3e), the exposed MoS2 nanosheets are only a few nanometers thick. The high resolution 
TEM image shown in Figure 2.3f provides further insight into the interior structure. The visible 
lattice fringes with interplanar spacings of 0.630 and 0.285 nm are consistent with the d-spacing of 
(002) planes of MoS2[34] and (311) planes of Co3S4,[35] respectively.  
 
Figure 2.4. (a) XRD pattern of synthesized Co3S4@MoS2. The green and blue vertical lines indicate reference 
patterns of MoS2 (JCPDS card no. 75-1539) and Co3S4 (JCPDS card no. 47-1738), respectively. (b–d) 
High-resolution XPS spectra of (b) Co 2p, (c) Mo 3d, and (d) S 2p of Co3S4@MoS2. 
Powder XRD and XPS studies on as-prepared Co3S4@MoS2 samples were conducted to gain 
deeper insights into their phase structures and element states. As shown in Figure 2.4a, several 
representative diffraction peaks located at 14.1°, 32.9°, 33.7°, 39.5°, 58.8°, and 58.9° can be readily 
indexed, respectively, to the (002), (100), (101), (103), (110), and (008) planes of hexagonal MoS2 
(JCPDS card no. 75-1539), while other diffraction peaks located at 31.5°, 38.2°, 47.2°, 50.3°, and 
55.1° are well-matched, respectively, with the (311), (400), (422), (511), and (440) planes of the 
cubic Co3S4 phase (JCPDS card no. 47-1738). The XPS survey spectrum of Co3S4@MoS2 (Figure 




TEM-EDXS results. The high-resolution Co 2p XPS spectrum (Figure 2.4b) is deconvoluted into 
two spin-orbit doublets. The first doublet is located at 778.8 eV (Co 2p3/2) and 793.8 eV (Co 2p1/2), 
and the second doublet is located at 781.2 eV (Co 2p3/2) and 797.4 eV (Co 2p1/2). Meanwhile, two 
broad peaks located at 802.5 and 786.4 eV are attributed to the satellites. The values of the binding 
energy of Co 2p3/2, Co 2p1/2, and two shakeup satellites are in good agreement with the reported 
characteristic peaks of Co3S4, suggesting similar valence states and ion distribution to those in 
Co3S4.[35,36] For the Mo 3d (Figure 2.4c), the spectrum can be deconvoluted into four peaks; one of 
those at 226.4 eV actually corresponds to S 2s in the MoS2. The two significant peaks located at 
229.2 and 232.4 eV are ascribed to the Mo 3d5/2 and Mo 3d3/2, respectively, while the high binding 
energy peak of the Mo 3d (235.5 eV) corresponds to the MoO3, which may result from the sample’s 
oxidation in air.[37,38] Sulfur species were determined from the high-resolution XPS S 2p spectrum 
(Figure 2.4d). The main doublet located at binding energies of 162.0 and 163.2 eV corresponds to 
the S 2p3/2 an S 2p1/2 lines, respectively.[36-38] The high-energy component at 168.9 eV can be 
assigned to the S4+ species in sulfate groups (SO32-). It is noteworthy that the Co 2p spectrum 
detected from Co3S4@MoS2 heterostructures shifts ∼0.4 eV toward higher binding energy 
compared to that of the bare Co3S4 polyhedrons (Figure 2.5b). This phenomenon implies strong 
interaction between the inner Co3S4 layers and the outer MoS2 nanosheets. Different from the Co 
species, which are distributed in the inner Co3S4 layers and interact with the surrounding MoS2 
nanosheets, the Mo species detected by XPS are mostly distributed on the surface of Co3S4@MoS2 
heterostructures. Thus, the Mo 3d spectrum of Co3S4@MoS2 heterostructures does not show 
obvious variation compared to that of bare MoS2 nanosheets (Figure 2.5c).  
To further clarify the formation mechanism, the intermediate products were obtained and 
characterized carefully. First, the mixed solution consisting of ZIF-67, TAA, and Na2MoO4·2H2O 
was only kept at 120 °C for 4 h, and then the precipitate was collected and investigated. According 
to the XRD patterns (Figure 2.6a), the precipitate shows distinct diffraction peaks located at 26.7°, 
31.5°, 38.2°, 47.2°, 50.3°, and 55.1°, which correspond to the (220), (311), (400), (422), (511), and 
(440) planes of the Co3S4 phase, respectively. No signals of the ZIF-67 and MoS2 phases were 




inherits the overall sizes and shapes of the original ZIF-67 precursors, and the surface becomes 
rough. A polyhedron shape with a void interior is visualized from a cracked nanoparticle (Figure 
2.6b), which confirms the hollow structure of Co3S4 polyhedrons. However, there is no nanosheet 
coating on the surface compared to that of the hollow Co3S4@MoS2 heterostructures. According to 
the results, we suppose the formation mechanism of Co3S4@MoS2 is as follows: first, due to the 
bond between Co2+ and S2- being stronger than the bond between Co2+ and 2-methylimidazole in 
ZIF-67, Co2+ ions located on the surface of ZIF-67 react quickly with excessive S2- ions released 
from thioacetamide and form a thin layer of cobalt sulfide, which is deposited on the surface of 
ZIF-67 and replicates the rhombic dodecahedron shape from ZIF-67. During the following reaction, 
the thin cobalt sulfide layer works as a barrier to prevent direct contact between the S2- ions in the 
solution and the inner Co2+ ions in ZIF-67. Meanwhile, ZIF-67 is gradually dissolved in the acid 
solution caused by the reaction of TAA with the ethanol[32] and releases the Co2+ ions, which are 
located at the interior of ZIF-67. On the basis of the fact that the ionic radius of Co2+ (74 pm) is 
much smaller than that of S2- (184 pm),[32] the free Co2+ released from the ZIF-67 diffuses outside 
faster compared with S2- that diffuses inward through the cobalt sulfide barrier. As long as the Co2+ 
diffuses from inner ZIF-67 and passes through the cobalt sulfide barrier, the S2- species in the 
solution react with the Co2+ immediately. Thus, the later-formed cobalt sulfide is deposited 
continuously on the preformed thin layer of cobalt sulfide, which already has a rhombic 
dodecahedron shape, until the ZIF-67 is completely consumed. After 4 h of hydrothermal reaction at 
120 °C, hollow cobalt sulfide (Co3S4) polyhedrons were formed completely, and no MoS2 
nanosheets were formed at the relatively low hydrothermal reaction temperature. The 
temperature-programmed hydrothermal reaction was increased sequentially from 120 to 200 °C, 
and then the growth of MoS2 nanosheets on the surface of the hollow Co3S4 polyhedrons was 
induced due to the barrier effect of hollow Co3S4 polyhedrons that prevent the inward diffusion of 






Figure 2.5. (a) XPS spectrum of Co3S4@MoS2 heterostructures. High-resolution XPS spectrum of (b) Co 2p, 
and (c) Mo 3d. 
 
Figure 2.6. (a) XRD pattern, and (b) SEM image of the intermediate product obtained after hydrothermal 
reaction at 120 °C for 4 h. 
The electrocatalytic HER performance of Co3S4@MoS2 was carried out in N2-saturated 0.5 M 
H2SO4 by steady-state linearsweep voltammetry (LSV) and compared with Co3S4 and MoS2 
catalysts. As shown in Figure 2.7a, hollow Co3S4@MoS2 heterostructures exhibit obviously 
enhanced performance with an overpotential of 210 mV at 10 mA·cm-2 (η10) compared with 310 




curves show that the Co3S4@MoS2 catalyst has a slope of 88 mV·dec-1, which is much lower than 
those of Co3S4 (97 mV·dec-1) and MoS2 nanoflakes (127 mV·dec-1). The low Tafel slope implies 
that the HER on the Co3S4@MoS2 catalyst follows the Volmer-Heyrovsky mechanism with a 
rate-limiting desorption step.[39] 
 
Figure 2.7. Polarization curves of Co3S4@MoS2, MoS2, and Co3S4 electrodes in (a) 0.5 M H2SO4 and (c) 1 
M KOH. The insets in panels a and c are the overpotentials of catalysts at the current density of 10 mA·cm–2. 
The corresponding Tafel slopes calculated from panels a and c are shown in b and d, respectively. All results 
shown are corrected by iR compensation. LSV scan rate: 5 mV·s–1. 
The as-prepared hollow Co3S4@MoS2 heterostructures were further assessed as 
electrocatalysts for OER in a 1 M KOH solution, and individual MoS2 and Co3S4 were examined 
for comparison. Figure 2.7c illustrates the representative polarization curves of different catalysts; 
we can see that the overpotential for achieving a current density of 10 mA·cm-2 (η10) is 330 mV for 
Co3S4@MoS2, which is lower than that for Co3S4 (360 mV). The higher current density suggests 
that Co3S4@MoS2 possesses an O2 production efficiency higher than that of Co3S4 (note that the 




illustrates that the Tafel slope of Co3S4@MoS2 is approximately 59 mV·dec-1, which is considerably 
lower than that of Co3S4 (199 mV·dec-1), further confirming the promoted water-oxidation reaction 
kinetics of Co3S4@MoS2 heterostructures. 
We further analyzed the resistant charge transfer (RCT) and electrochemical surface area 
(ECSA) to explore the highefficiency catalytic kinetics of Co3S4@MoS2. The Nyquist plot (Figure 
2.8) of Co3S4@MoS2 exhibits charge-transfer impedance much lower than those of MoS2 and Co3S4 
catalysts in both acidic and alkaline electrolytes. This significantly reduced impedance suggests 
rapid electron transport, which would markedly accelerate the HER and OER kinetics of the 
Co3S4@MoS2 catalyst.[7] In addition, the ECSAs of all catalysts were evaluated by calculating the 
electrochemical double-layer capacitance (Cdl) from the cyclic voltammetry curves of Co3S4@MoS2, 
Co3S4, and MoS2. Generally, electrochemical double-layer capacitance is regarded to be 
proportional to the electrochemical surface area.[7,30] As shown in Figure 2.9, Co3S4@MoS2 has a 
Cdl of 8.1 mF cm-2 in H2SO4 and 4.8 mF cm-2 in the KOH electrolyte, which are much higher than 
those of Co3S4 (0.13 mF cm-2 in H2SO4, 2.9 mF cm-2 in KOH) and MoS2 (0.48 mF cm-2 in H2SO4, 
0.19 mF cm-2 in KOH). On the basis of these results, we speculate that the Co3S4@MoS2 
heterostructure has much more effective electrocatalytical active sites; this is favorable for 
improving HER and OER.[6]  
 
Figure 2.8. Nyquist plots of Co3S4@MoS2, MoS2, and Co3S4 collected at (a) -0.15 V vs. RHE in 0.5 M 





Figure 2.9. Linear slopes of Co3S4@MoS2, MoS2, and Co3S4 in (a) 0.5 M H2SO4 and (b) 1 M KOH.  
 
Figure 2.10. LSV curves of (a) Co3S4@MoS2 and (b) MoS2 obtained from the first and the 500th cycles, (c) 
Co3S4 obtained from the first and tenth cycles in 0.5 M H2SO4; LSV curves of (d) Co3S4@MoS2 and (e) 
Co3S4 from the first and 500th cycles in 1 M KOH. 
Stability is also an important criterion for evaluating electrocatalysts in practical applications. 
Besides enhanced HER and OER activities, hollow Co3S4@MoS2 heterostructures feature improved 
long-term durability. Electrochemical HER and OER stability tests were conducted by continuous 
CV measurements at a range from 0 to -0.6 V vs. RHE in 0.5 M H2SO4 and 1.2 to 1.8 V vs. RHE in 
1 M KOH with a scan rate of 100 mV·s-1 for 500 cycles. For HER, Co3S4@MoS2 and MoS2 
catalysts both exhibited slight loss of the current density after 500 cycles (Figures 2.10a and b). 




(Figure 2.10c), implying the extremely poor stability of pure Co3S4 polyhedrons. The increased 
stability of Co3S4@MoS2 for HER is derived from the protection system built by the inner Co3S4 
layer and outer MoS2 nanosheets. As shown in Figure 2.10d, Co3S4@MoS2 displays a slight 
reduction in oxygen generation activity in terms of current density after 500 cycles in 1 M KOH 
solution, whereas the pure Co3S4 catalyst almost lost its catalytic activity for OER after 500 cycles 
(Figure 2.10e). The long-term stability of the Co3S4@MoS2 catalyst for OER in KOH solution can 
be attributed to its unique heterostructures. Co3S4@MoS2 almost totally maintains its morphology 
and phase structure after stability testing for HER, which demonstrates its structural stability in acid 
electrolytes (Figures 2.11a and c). Interestingly, after the OER process, although most particles 
maintain the original morphology, some nanoplates are also observed (Figure 2.11b). XRD analysis 
proves these nanoplates to be Co(OH)2 and CoOOH (Figure 2.11d). Partial phase transformations 
from Co3S4 to Co(OH)2 and CoOOH after stability testing in alkaline electrolytes are common and 
have been reported previously.[22,40]  
 
Figure 2.11. SEM images and XRD patterns of Co3S4@MoS2 after 500 cycles of continuous CV 
measurements in (a,c) 0.5 M H2SO4, and (b,d) 1 M KOH. 




catalytic activity for both H2 and O2 evolution reactions but also show higher performance than the 
individual MoS2 and Co3S4 catalysts. The excellent electrocatalytic activity of hollow Co3S4@MoS2 
heterostructures toward both HER and OER could be attributed to its unique structural superiority. 
(i) Hollow structures of Co3S4@MoS2 engender more exposed catalytically active sites, free 
diffusion of both electrolyte and gas products (H2 and O2), and shortened path for electron transfer 
over the whole electrochemical reaction. (ii) Heteronanoarchitectures not only combine the intrinsic 
properties of individual MoS2 and Co3S4 but also construct effective interface engineering between 
the two phases, generating strong electron transfers and more active sites between adjoining phases; 
this plays an important role in the accelerated bifunctional catalytic activity of Co3S4@MoS2.[21,23] 
(iii) The special cooperation system consists of hollow Co3S4 polyhedrons and outer MoS2 
nanosheets. The inner Co3S4 layers act as substrates for promoting the growth of 2D MoS2 
nanosheets into 3D architectures, which prevents the individual nanosheets from restacking 
effectively.[41] Accordingly, outer permeable MoS2 shells provide protection and increase the 
stability of Co3S4 in acidic conditions.  
2.4. Conclusion 
In summary, I proposed a facile MOF-templated approach to produce a Co3S4@MoS2 bifunctional 
catalyst for both HER and OER. All of the above information supports and explains that such 
advantages of Co3S4@MoS2 heterostructures, including the unique hollow structures, good electrical 
conductivity, abundant electrochemical surface areas, and modulated coordination and electronic 
properties, may synergistically lead to the dramatically enhanced HER and OER activities of 
Co3S4@MoS2 in both acid and alkaline environments. I believe the strategy developed here, 
including the selfsacrificed templated method, two-step temperature-raising hydrothermal process, 
and special bifunctional catalytic system built by active HER catalyst of MoS2 and OER catalyst of 
Co3S4, can open new avenues in the design and fabrication of highly effective bifunctional 
nanocatalysts. The novel catalyst will be very attractive for application in the field of energy 
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Today, the demand for renewable energy is increasing due to the looming energy and environmental 
problems generated by the combustion of traditional energy resources (e.g., coal, oil and natural gas) 
[1–3]. To achieve sustainable energy production, it is urgent to develop advanced energy conversion 
techniques for lessening the burden of energy demand. Electrochemical water splitting is 
acknowledged as a powerful technology that benefits from its high-purity H2 production with zero 
environmental emissions [4,5]. The hydrogen evolution reaction (HER) and the oxygen evolution 
reaction (OER) are the two half reactions of water splitting. Currently, noble metal-based materials, 
such as Pt- and Ir/Ru-based materials, are still the most efficient catalysts for HER and OER with low 
overpotentials and fast kinetics [6,7]. However, the high cost and scarcity of these noble metals 
severely impede their large-scale application. Therefore, research into and development of alternative 
electrocatalysts based on earth-abundant materials has attracted considerable interest [8–10]. 
Heretofore, a broad range of earth-abundant electrocatalysts have been developed for either HER 
(e.g., molybdenum-based sulfides [11,12], carbides [13,14], and phosphides [15]) or OER (e.g., transition 
metal-based oxides [16,17], layered double hydroxides [18,19], and sulfides [20,21]); some of them even 
performed comparably to noble metals. However, it is still difficult to pair HER and OER electrode 
reactions together in an integrated electrolyzer due to the mismatch of pH ranges in which these 
catalysts remain stable and highly active. For instance, molybdenum disulfide (MoS2) has been 
extensively investigated as a stable electrocatalyst for HER in a wide pH range from acid to alkaline 
(especially in acid electrolyte) due to its high chemisorption capability for hydrogen, but it has a 
poor catalytic performance for OER. Cobalt sulfides have been making strides as efficient 
electrocatalysts for OER, whereas they are not stable in acid electrolytes. Thus, taking the 
convenience and cost reduction into account, the development of a versatile catalyst with high 
activity toward both the HER and OER in the same electrolyte is technologically important yet 
challenging.  
One effective way of realizing a bifunctional electrocatalyst with high activity for both the 
HER and OER is to tune the compositions of catalysts through doping heteroatoms or integrating 
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different components. Generally, hybrid catalysts would exhibit enhanced electrocatalytic activities 
due to increased conductivities and more exposed active sites deriving from the synergistic effects 
between the different components. For example, Staszak-Jirkovský et al. [22] designed a CoSx/MoSx 
hybrid catalyst for the efficient electrocatalytic production of hydrogen in both alkaline and acidic 
environments. After building an electrochemically interfacial model and studying the 
structure-activitystability relationships between CoSx and MoSx, they proposed that the high 
activity and stability of the obtained CoSx/MoSx catalyst is governed by a synergy between the 
electronic effects (substrate–adsorbate binding energies) and morphological effects (number of 
defects). Zhang et al. [23] assembled a high-activity MoS2/Ni3S2 electrocatalyst for overall water 
splitting through interface engineering. In combination with density functional theory (DFT) 
calculations, they demonstrated that the constructed interfaces between MoS2 and Ni3S2 
synergistically favor the chemisorption of hydrogen and oxygen-containing intermediates, thus 
accelerating overall electrochemical water splitting. Feng et al. [24] developed a hierarchical cobalt 
sulfide/nickel selenide aligned on an exfoliated graphene as an efficient hybrid electrocatalyst for 
splitting water. The enhanced activity of the obtained material is driven by strong electron-electron 
interactions and interface reconstruction between Ni3Se2 and Co9S8 through Ni–S bonding.  
Furthermore, elaborately combining synergistic components into a well-designed architecture 
is also an effective way to improve the electrochemical performance of catalysts. Metal-organic 
frameworks (MOFs) [25,26], formed by the metal ions and organic ligands via strong coordination 
bonds, have been widely used as precursors for the fabrication of various functional materials, 
including carbon, metalcontaining compounds and composites [27]. More importantly, MOFs can 
work as templates to guide the resultant morphology and structure. To date, different morphologies, 
such as hollow polyhedra [28], nanoframes [29], and multilayer core-shells [30], have been successfully 
synthesized by using MOFs as templates. Specially, MOF-derived hollow structures draw a lot of 
attention due to their abundant active sites, fast mass transfer and short electrolyte diffusion 
pathway.  
In this chapter, I designed a highly efficient overall water splitting catalyst by integrating the 
OER active Co3S4 building blocks with the stable HER catalyst of MoS2 units into a compact and 
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robust three-dimensional (3D) Co3S4@MoS2 heterostructure. Co-Fe Prussian blue analogue (PBA) 
was selected as both a morphological template and a precursor, and then a hollow cubic 
Co3S4@MoS2 heterostructure was obtained by using a two-step temperature-raising hydrothermal 
reaction process. This unique 3D hollow heterostructure of Co3S4@MoS2 integrates the advantages 
of two different phases and builds strong interfacial coupling between the inner Co3S4 core and 
outer MoS2 shell, which all favor its bifunctional electrochemical activity for the OER and HER in 
alkaline media. Furthermore, Co3S4@MoS2 has proven to be a low-cost alternative electrocatalyst 
for overall water splitting in an alkaline environment when assembled into a twoelectrode setup. 
3.2. Experimental Sections  
3.2.1. Materials  
Cobalt nitrate hexahydrate (Co(NO3)2·6H2O), sodium citrate dehydrate, potassium 
hexacyanoferrate(Ⅲ), thioacetamide (CH3CSNH2), and sodium sulfide nonahydrate (Na2S·9H2O) 
were purchased from Wako Co. Nafion solution (5 wt%) and sodium molybdate dehydrate 
(Na2MoO4·2H2O, 99.5%) were purchased from Sigma-Aldrich Corp. All chemicals were used 
without further purification.  
3.2.2. Synthesis 
Synthesis of a Co-Fe Prussian blue analogue (PBA) template.  
The typical reaction condition for the preparation of a Co-Fe PBA template is as follows: cobalt 
nitrate hexahydrate (1.5 mmol) and sodium citrate dihydrate (2.25 mmol) were dissolved in 50 mL 
deionized (DI) water to form a clean solution. Then, a 50 mL solution containing 1 mmol potassium 
hexacyanoferrate(Ⅲ) was poured into the solution and shaken vigorously for 3 min. The solution 
mixture was aged for another 24 h at room temperature. After that, the precipitates were collected by 
centrifugation, washed with water several times, and dried at 60 °C overnight.  
Synthesis of a hollow Co3S4@MoS2 heterostructure.  
Fifty mg of the resultant Co-Fe PBA was dispersed in 12 mL of ethanol under ultrasonication for 
half an hour to obtain a uniform solution. Then, 6 mL of Na2S solution (10 mg/mL) was dropped 
into the above suspension under magnetic stirring for a few minutes, followed by the addition of 4 
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mL of thioacetamide (0.1875 M, ethanol) and 4 mL of Na2MoO4·2H2O (0.0625 M, water) under 
stirring for 10 min for each solution. Afterward, the mixture was transferred to a Teflonlined 
stainless steel autoclave (50 mL) and kept at 120 °C for 6 h; the temperature was then increased to 
200 °C and kept for another 12 h. After cooling to room temperature, the obtained black products 
were washed with DI water and ethanol several times and then dried at 60 °C overnight. Finally, 
they were annealed at 350 °C for 2 h under a N2 atmosphere to obtain a highly crystalline 
Co3S4@MoS2 heterostructure. The heating rate was 1 °C min-1. 
    Furthermore, pure Co3S4 and MoS2 were also prepared for comparison and to highlight the 
structural advantages of the Co3S4@MoS2 heterostructure. Co3S4 nanoboxes were synthesized as 
follows: 6 mL of Na2S (10 mg/mL) was added to the 12 mL of ethanolic solution that contained 50 
mg of Co-Fe PBA particles under stirring; the mixture was then transferred to a Teflon-lined 
stainless steel autoclave (25 mL) and kept at 120 °C for 6 h. The Co3S4 sample was finally obtained 
by the same process of centrifugation, drying, and annealing. MoS2 nanosheets were prepared by 
mixing 20 mL of thioacetamide (0.1875 M, ethanol) with 20 mL of Na2MoO4·2H2O (0.0625 M, 
water) under stirring for 30 min; the mixture solution was then transferred to an autoclave (50 mL) 
and kept at 200 °C for 12 h. After cooling to room temperature, the precipitates were washed with 
DI water and ethanol and dried at 60 °C overnight. Finally, the dried powder was heated at 350 °C 
for 2 h under a N2 atmosphere to obtain MoS2. 
3.2.3. Characterization 
Scanning electron microscopy (SEM) images were obtained on a Hitachi SU-8000 instrument at high 
vacuum with an acceleration voltage of 5 kV. X-ray diffraction (XRD) patterns were performed on a 
Rigaku RINT 2000x-ray diffractometer at 40 kV and 40 mA with monochromatic Cu Kα radiation at 
a scanning rate of 1 °C min−1. The transmission electron microscopy (TEM) and elemental mapping 
analysis were carried out to investigate the inner structures of the samples using a JEM-2100F 
operated at 200 kV. X-ray photoelectron spectroscopy (XPS) spectra were acquired by using a PHI 
Quantera SXM (ULVAC-PHI) instrument with an Al Kα X-ray source. All binding energies were 
calibrated via referencing to C 1s binding energy (285.0 eV). 
 Chapter 3  
80 
 
3.2.4. Electrochemical Measurements 
Typically, 2 mg of catalyst was dispersed into a mixed solvent containing 25 μL of Nafion solution 
(5 wt%) and 475 μL of ethanol/water (volume ratio is 1:3) to form a homogeneous ink with the 
assistance of sonication. Then, 5 μL of the ink was dropped onto the surface of the polished glassy 
carbon electrode (GCE, 3 mm diameter) and dried naturally at room temperature. The mass loading 
of active materials is 0.283 mg cm-2. All electrochemical measurements were performed using a 
CHI 660EZ electrochemical workstation with a conventional three-electrode cell. The modified 
GCE, a graphite rod and a saturated calomel electrode (SCE, 0.241 V vs. RHE) served as a working 
electrode, a counter electrode and a reference electrode, respectively. Polarization curves for both 
OER and HER activities were characterized by linear sweep voltammetry (LSV) with a scan rate of 
5 mV s-1. All plots displayed were calibrated to a reversible hydrogen electrode (RHE) based on the 
equation (ERHE = ESCE + 0.059 × pH + 0.241) and corrected against the iR compensation. The 
overpotential (η) for the OER was calculated according to the following formula: η(V) = ERHE – 
1.23 V. Electrochemical impedance spectroscopy (EIS) was obtained by applying an AC voltage 
with a 10 mV amplitude in a frequency range from 1 to 100,000 Hz and recorded at -0.1 V vs. RHE 
for the HER and 1.3V vs. RHE for the OER in 1 M KOH. The electrical double-layer specific 
capacitors (Cdl) of the materials were measured by conducting cyclic voltammetry (CV) at 
non-Faradaic overpotentials ranging from 1.3 to 1.4 V (vs. RHE, in 1 M KOH) with sweep rates of 
10, 20, 40, 60, and 80 mV s-1. The plot current density between the anodic and cathodic sweeps 
against the scan rate had a liner relationship, and its slope was equivalent to twice the double-layer 
capacitance (Cdl).  
Preparation of a Co3S4@MoS2 two-electrode setup. 
Typically, a 5 mg sample of Co3S4@MoS2 was dispersed in a water/ethanol solution (500 μL, 3:1 
v/v) with 25 μL of Nafion solution by sonicating for 1 h to form a homogeneous ink. Then, 15 μL of 
the uniform ink was dropped onto carbon fiber paper (0.5 × 0.5 cm2) and dried at room temperature 
(mass loading: 0.6 mg cm-2). Carbon fiber paper was chosen as the conductive substrate because it 
is porous and had negligible catalytic or noncatalytic activity in the surveyed potential region in this 




3.3. Results and Discussion 
The procedures for fabricating Co3S4@MoS2 are illustrated in Figure 3.1. Crystalline Co-Fe PBA 
with a well-defined nanocubic structure was first prepared. Scanning electron microscopy (SEM) 
images in Figure 3.2a show that the obtained Co-Fe PBA nanocubes have a uniform distribution 
with an average size of ~ 200 nm. The X-ray diffraction (XRD) pattern in Figure 3.2b reveals that all 
peaks of the as-synthesized sample are well matched with typical Co-Fe PBA, which is basically 
consistent with the previous work [20]. As shown in Figure 3.1a and c, hollow Co3S4 nanoboxes were 
formed through ionic exchange reaction between Fe(CN)63- in Co-Fe PBA and S2- when the 
hydrothermal temperature reaches 120 °C [20]; then layered MoS2 grew onto the surfaces of hollow 
Co3S4 nanoboxes at the further elevated temperature of 200 °C (Figure 3.1b and c). As a result, a 
highly crystalline core-shell Co3S4@MoS2 heterostructure was obtained by subsequent calcination at 
350 °C for 2 h under a N2 atmosphere. 
 
Figure 3.1. Schematic illustration for the preparation of (a) hollow Co3S4 nanoboxes via one-step 
solvothermal sulfidation reaction at 120 °C, (b) MoS2 nanosheets via one-step solvothermal reaction at 200 °C, 
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and (c) hollow Co3S4@MoS2 heterostructure via two-step temperature-raising hydrothermal procedure (I: 
Sulfidation and II: in situ MoS2 coating on the surface of Co3S4) and subsequent thermal annealing process 
under a N2 atmosphere (III).  
 
Figure 3.2. (a) SEM images and (b) XRD pattern of Co-Fe PBA precursors. The inset in (a) is a magnified 
SEM image of Co-Fe PBA particles. 
    Figure 3.3a presents a scanning electron microscopy (SEM) image of the as-prepared sample, 
in which uniform cubic particles with rough surfaces can be observed, and the average size of the 
particles is ~ 250 nm. A closer SEM micrograph of a single cracked particle in Figure 3.3b reveals a 
different hollow structure from the solid cubic Co-Fe PBA template, and the surfaces of the particles 
are decorated with random nanosheets. Transmission electron microscopy (TEM) images confirm 
that the particles are hollow structures that are constructed by dense inner Co3S4 nanoboxes and outer 
MoS2 nanosheets to form core-shell structures (Figure 3.3c, d). The elemental distribution studied by 
STEM mappings is shown in Figure 3.3e, revealing the distribution of Co, Mo, and S elements. 
When the signal areas of Co and Mo are overlapped, it is found that Co is surrounded by Mo, 
verifying the core-shell structure of Co3S4@MoS2. Analysis of high-resolution TEM (HRTEM) 
images shows lattice fringes with spacings of 0.28 nm and 0.62 nm, which are indexed to the (311) 
plane of Co3S4 and the (002) plane of MoS2, respectively. Furthermore, the image reveals the intimate 
contact of the Co3S4 and MoS2, and the interfaces between these phases can be clearly identified 
(Figure 3.3f, g). 




Figure 3.3. (a, b) SEM images, (c, d) TEM images, (e) TEM-EDXS elemental mapping images, and (f, g) 
High resolution TEM images of hollow Co3S4@MoS2 heterostructure. 
X-ray diffraction (XRD) patterns demonstrate the coexistence of Co3S4 and MoS2 (Figure 3.4a). 
The characteristic peaks located at 26.7°, 31.5°, 38.2°, 47.2°, 50.3°, and 55.1° correspond, 
respectively, to the (220), (311), (400), (422), (511), and (440) planes of Co3S4 (JCPDS no. 47-1738). 
The other peaks at 14.1°, 32.9°, 33.7°, 36.0°, 58.8°, and 58.9° are consistent, respectively, with the 
(002), (100), (101), (102), (110), and (008) planes of MoS2 (JCPDS no. 75-1539). X-ray 
photoelectron spectroscopy (XPS) was carried out to investigate the chemical states of the 
Co3S4@MoS2 heterostructure. The high-resolution XPS spectrum of Co 2p in Figure 3.4b can be 
deconvoluted into two spin-orbit doublets. The peaks at 778.8 eV and 793.8 eV are the first doublet 
(yellow lines), corresponding to Co 2p3/2 and Co 2p1/2, respectively. The second doublet is located at 
781.2 eV (Co 2p3/2) and 797.3 eV (Co 2p1/2) (green lines). The other two broad peaks (violet lines) are 
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related to shakeup satellites [31]. The Mo 3d spectrum in Figure 3.4c reveals that there is a pair of 
peaks located at 228.9 eV and 232.2 eV, which are assigned to Mo 3d5/2 and Mo 3d3/2, respectively. 
The shoulder S 2s peak was deconvoluted into two peaks at 225.6 and 226.4 eV, indicative of the two 
chemical states of the S species bonding with Co and Mo ions, respectively. In the high-resolution S 
2p spectrum (Figure 3.4d), the peaks at 161.5 eV and 162.9 eV are pointed to the S 2p3/2 and S 2p1/2 
of the Co–S bonds, respectively; the other two peaks at 161.8 eV and 163.9 eV are characteristic of 
the S 2p3/2 and S 2p1/2 of the Mo–S bonds, respectively, which is in good agreement with the previous 
report [32]. Notably, the binding energies of the Co 2p3/2 and Co 2p1/2 peaks in the Co3S4@MoS2 
heterostructures exhibit positive shifts of ~ 0.4 eV relative to that in the bare Co3S4, suggesting a 
strong interaction between the inner Co3S4 and the surrounding MoS2 shell (Figure 3.4e). Mo 3d5/2 
and Mo 3d3/2 in Co3S4@MoS2 negatively shift ~ 0.3 eV and ~ 0.1 eV, respectively, as compared to the 
bare MoS2 nanosheets, providing further evidence of the strong electronic interactions between the 
Co3S4 and MoS2 (Figure 3.4f) [23,24,33]. Therefore, the XPS results manifest the successful synthesis 
of Co3S4@MoS2 core-shell architecture and also indicate the establishment of coupling interfaces. 
In this work, an intellectual two-step temperature-raising hydrothermal reaction process was 
used to prepare the Co3S4@MoS2 heterostructure. If the reaction was carried out directly at 200 °C for 
12 h, the products show totally different morphologies. As shown in the SEM images (Figure 3.5a), 
the particles have two different morphologies. Some are aggregated nanosheets (indicated by the 
green circle), others are cubic particles (indicated by the yellow square) without coating nanosheets 
(Figure 3.5b). The formation of such an inhomogeneous product should be ascribed to the 
simultaneous sulfidation of Co-Fe PBA and formation of MoS2 nanosheets during the one-step 
hydrothermal reaction process. To clarify the formation mechanism, the intermediate product was 
collected after the first reaction at 120 °C for 6 h and was characterized by SEM. Figure 3.5c 
illustrates that the intermediate product maintains the cubic frame and morphology of the Co-Fe PBA 
precursor, while the particles have rough surfaces that are composed of ultrafine nanoparticles. In 
addition, an interior void is visualized from a cracked nanoparticle (as indicated by the yellow circle). 
According to the above results, cobalt sulfide nanoboxes were probably firstly formed after 6 h of 
hydrothermal reaction at 120 °C, and no MoS2 nanosheets were formed at this stage. When the 
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hydrothermal reaction temperature was increased to 200 °C, MoS2 nanosheets started to grow on 
the surfaces of the cobalt sulfide nanoboxes. Finally, a well-dispersed hollow core-shell 
Co3S4@MoS2 heterostructure was obtained. 
 
Figure 3.4. (a) XRD pattern of synthesized Co3S4@MoS2. The green and blue vertical lines indicate 
reference patterns of MoS2 (JCPDS card no. 75-1539) and Co3S4 (JCPDS card no. 47-1738), respectively. (b–
d) High-resolution XPS spectra of (b) Co 2p, (c) Mo 3d, and (d) S 2p of Co3S4@MoS2. (e) Co 2p spectra for 
Co3S4@MoS2 and Co3S4, and (f) Mo 3d spectra for Co3S4@MoS2 and MoS2. 
     




Figure 3.5. (a) SEM image of the sample obtained by one-step temperature-raising hydrothermal reaction 
process by keeping the reaction at 200 °C for 12 h and (b) corresponding magnified SEM image of the 
selected area in (a). (c) SEM image of the intermediate product obtained after hydrothermal reaction at 
120 °C for 6 h. 
Normally, the OER is regarded as the bottle-neck in many energyrelated devices due to the 
sluggish multistep proton-coupled electron transfer processes [34]. The electrocatalytic properties of 
Co3S4@MoS2 heterostructures for the OER were first evaluated by using a typical three-electrode 
system in a 1 M KOH aqueous electrolyte. To reveal the synergistic catalytic effect of Co3S4@MoS2 
heterostructures, bare Co3S4 and MoS2 were also prepared and tested under identical conditions for 
comparison. Additionally, the recognized OER catalyst of RuO2 was also measured as a benchmark. 
The linear sweep voltammetry (LSV) curves after iR compensation are displayed in Figure 3.6a. 
Remarkably, the Co3S4@MoS2 heterostructure exhibits better activity than do those of bare MoS2 
and Co3S4, with an overpotential of 280 mV at the current density of 10 mA cm-2 (ŋ10), as compared 
with 300 mV for Co3S4 and 460 mV for MoS2, highlighting the cooperative interactions between 
the Co3S4 and MoS2. Noticeably, Co3S4@MoS2 shows comparable activity to RuO2 with the same 
overpotential of 280 mV at the current density of 10 mA cm-2. The Tafel slopes derived from the 
LSV curves (Figure 3.6b) illustrate that Co3S4@MoS2 heterostructure has the fastest kinetics for 
oxygen generation, with a corresponding Tafel slope of 43 mV decade-1, which is much smaller than 
the Co3S4 (61 mV decade-1) and even the RuO2 (70 mV decade-1) catalysts. Impressively, the 
distinguished OER catalytic activity of Co3S4@MoS2 outperforms most of the transition 
metal-based catalysts reported to date (Table 3.1). 




Figure 3.6. (a) Polarization curves and (b) the corresponding Tafel plots of Co3S4@MoS2, MoS2, Co3S4, and 
RuO2 electrodes for the OER in a 1 M KOH solution. (c) EIS Nyquist plot of different electrodes recorded at 
the same applied voltage (1.3 V vs. RHE). (d) Chronoamperometric responses (i–t) collected on the 
Co3S4@MoS2 electrode and commercial RuO2 at the same applied potential of 1.51 V vs. RHE over 10 h in 1 
M KOH. The insets in (a) are the OER overpotentials of catalysts at a current density of 10 mA·cm-2. The 
inset in (c) is the magnification of EIS Nyquist plots. All results shown are corrected by iR compensation. 
LSV scan rate: 5 mV·s-1. 
    Electrochemical impedance spectroscopy (EIS) measurements were conducted to explore the 
OER kinetics in catalysis at the same applied voltage (1.3 V vs. RHE). The Nyquist plots in Figure 
3.6c reveal that the Co3S4@MoS2 heterostructure has smaller diameters of the semicircle registered 
at high frequencies as compared with pure Co3S4 and MoS2, indicating lower charge-transfer 
resistance at the interface between the catalyst and electrolyte [35]. Usually, it is accepted that 
charge-transfer resistance is well correlated with electrocatalytic kinetics. XPS results (Figure 3.6e, 
f) suggest that there is a strong electronic interaction between the inner Co3S4 core and the outer 
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MoS2 shell. Thus, the interfaces are probably formed between Co3S4 and MoS2 in the Co3S4@MoS2 
heterostructures, affording good donor-acceptor electronic interaction between Co3S4 and MoS2. 
This, in turn, greatly optimizes the electronic properties of the Co3S4@MoS2, leading to an 
increased electrical conductivity and a higher catalytic kinetic of Co3S4@MoS2 [36]. The unique 
synergistic effect between cobalt sulfide and molybdenum disulfide has been proposed by other 
works. Ramos et al. [37] built a model for a Co9S8/MoS2 interface based on DFT and showed the 
creation of open latent vacancy sites on Mo atoms interacting with Co and the formation of Co–Mo 
bonds. Then a strong electron donation from Co to Mo also occurred through the intermediate sulfur 
atom's bonding to both metals. Thus, the charge-transfer resistance of the Co9S8/MoS2 
heterostructure was decreased. This proposition was further confirmed by Zhu et al. [33]. In their 
as-prepared Co9S8@MoS2 core-shell system, the heterostructure showed lower charge-transfer 
resistance than did bare Co9S8 and MoS2, which is beneficial for improved catalytic activity. 
 
Figure 3.7. Cyclic voltammograms of (a) Co3S4@MoS2, (b) Co3S4, and (c) MoS2 with various scan rates in a 1 
M KOH solution. (d) Linear slopes plotted from the cyclic voltammograms (Figure 3.7a-c) of Co3S4@MoS2, 
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MoS2, and Co3S4 in 1 M KOH. The linear slopes are equivalent to twice Cdl. 
 
Figure 3.8. (a) Polarization curves and (b) the corresponding Tafel plots of Co3S4@MoS2, MoS2, Co3S4, and 
Pt/C electrodes for the HER in a 1 M KOH solution. (c) The EIS Nyquist plot of different electrodes 
recorded at the same applied voltage (-0.1 V vs. RHE). (d) Chronoamperometric responses (i–t) collected on 
the Co3S4@MoS2 electrode and commercial Pt/C at the applied potential of -136 mV and -57 mV (vs. RHE) 
over 10 h in 1 M KOH, respectively. The inset in (a) shows the HER overpotentials of catalysts at a current 
density of 10 mA·cm-2. The inset in (c) shows the magnification of the EIS Nyquist plot. 
In addition, to gain insight into the effect of a cooperative system on Co3S4@MoS2, cyclic 
voltammetry (CV) measurement was employed to acquire the electrochemical double-layer 
capacitance (Cdl), which is assumed to be linearly proportionate to the electrochemical active 
surface area (ECSA). As shown in Figure 3.7a-c, CV curves at different scan rates (10, 20, 40, 60, 
and 80 mV s-1) in a non-Faradaic region were collected for Co3S4, MoS2, and Co3S4@MoS2. By 
plotting the difference in current density between the anodic and cathodic sweeps at a given 
potential (1.36 V vs. RHE) against the scan rate, a linear curve was acquired. Figure 3.7d shows 
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that the calculated Cdl of Co3S4@MoS2 is 62 mF cm-2, which is higher than that of Co3S4 (57 mF 
cm-2) and MoS2 (12 mF cm-2). These results suggest that the fabricated Co3S4@MoS2 
heterostructure offers more active sites due to the constructed interfaces between Co3S4 and MoS2, 
which should contribute to the enhanced OER electrocatalytic properties of Co3S4@MoS2 [38]. As 
demonstrated in previous report, new water splitting active sites can be formed due to the interfaces 
built in the fabricated MoS2/Ni3S2 heterostructures, which are endowed with the enhanced 
electrocatalytic properties [23]. 
Stability and durability are also important criteria for evaluating the performance of 
electrocatalysts. The chronoamperometric responses (i–t) were first carried out on the Co3S4@MoS2 
electrode at the applied potential of 1.51 V (vs. RHE). Figure 3.6d illustrates that the Co3S4@MoS2 
heterostructure shows negligible current density decay as compared with that of RuO2 for more than 
10 h, indicating the robust durability of Co3S4@MoS2. The excellent stability of Co3S4@MoS2 
should be attributed to the following factors: (i) The interfacial interaction between Co3S4 and MoS2 
enhances the density of electron transfer at the specific domains; (ii) a unique core-shell system is 
built by the highly active Co3S4 core, along with a more stable MoS2 shell; (iii) the hollow structure 
enables the easy release of bubbles formed on the surface of the electrode during operation, thus 
preventing the catalyst from being removed from the electrode. 
Likewise, the electrocatalytic HER performance of as-prepared samples in alkaline 
environment was also evaluated. For comparison, the commercially available 20 wt% Pt/C catalyst 
was measured. Figure 3.8a displays the polarization curves after iR correction of Co3S4@MoS2, 
Co3S4, MoS2, and Pt/C with a scan rate of 5 mV s-1 in 1.0 M KOH. Obviously, the Pt/C catalyst 
exhibits the best HER activity with an overpotential of 57 mV at a current density of 10 mA cm-2. 
Although the HER activity of Co3S4@MoS2 is inferior to that of the Pt/C electrode, it still 
demonstrates the structural advantages with a lower overpotential (ŋ10 = 136 mV) as compared with 
that of bare MoS2 (ŋ10 = 291 mV) and Co3S4 (ŋ10 = 351 mV). Furthermore, the corresponding Tafel 
slopes (Figure 3.8b) are calculated to be 45, 74, 116, and 115 mV decade-1 for Pt/C, Co3S4@MoS2, 
MoS2, and Co3S4, respectively, which suggests that the Co3S4@MoS2 heterostructure can act as an 
ideal non-noble metal catalyst for hydrogen production. Generally, the HER in a basic environment 
 Chapter 3  
91 
 
has sluggish kinetics as compared to those in an acidic environment. The outstanding performance 
of Co3S4@MoS2 for the HER in an alkaline environment is comparable to or even better than the 
as-reported catalysts to date (Table 3.2). EIS tests were also conducted to investigate electrode 
kinetics occurring at the electrode/electrolyte interface. As shown in Figure 3.8c, the Nyquist plots 
indicate that Co3S4@MoS2 has a lower charge transfer resistance than bare Co3S4 and MoS2, 
indicating the rapid charge transfer that favors HER catalytic activity. In addition, both the 
long-term potential cycling test and time-dependent current density curves reveal that Co3S4@MoS2 
has excellent durability for the HER in alkaline media. The chronoamperometric curve of 
Co3S4@MoS2 in Figure 3.8d presents no appreciable decrease in current density over 10 h for 
hydrogen evolution as compared with the Pt/C electrode. 
Table 3.1. Comparison of the OER performance for Co3S4@MoS2 with other electrocatalysts. 
Catalysts Current 
density 
(j, mA cm-2) 
ŋ at corresponding 






10 280 43 1 M KOH  
Ni@NC-800] 10 280 45 1 M KOH Adv. Mater. 2017, 
29,1605957 
Co(S0.22Se0.78)2 10 283 66 1 M KOH Adv. Funct. Mater. 
2017, 27, 1701008 
Co9S8@MoS2/CNFs 10 361 61 1 M KOH Adv. Mater. 2015, 27, 
4752 
MoS2-Ni3S2 HNRs/NF 10 249 57 1 M KOH ACS Catal. 2017, 7, 
2357 
Co3O4/NiCo2O4 10 340 88 1 M KOH J. Am. Chem. Soc. 
2015, 137, 5590 
Co-P Film 10 345 47 1 M KOH Angew. Chem. Int. 
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Ed. 2015, 54, 6251 
n-NiFe LDH/NGF 10 337 45 0.1 M KOH Adv. Mater. 2015, 27, 
4516 




10 355 48 0.1 M KOH Angew. Chem. Int. 
Ed. 2015, 54, 11231 
Co 
phosphide/phosphate 
30 330 65 1 M KOH Adv. Mater. 2015, 27, 
3175 




ŋ at corresponding 






10 136 74 1 M KOH  
Ni@NC-800 10 205 160 1 M KOH Adv. Mater. 2017, 29, 
1605957 
Co(S0.71Se0.29)2 10 122 86 1 M KOH Adv. Funct. Mater. 
2017, 27, 1701008 
Co phosphide/phosphate 30 430 — 1 M KOH Adv. Mater. 2015, 27, 
3175 
NiFe LDHNS@DG10 10 300 110 1 M KOH Adv. Mater. 2017, 29, 
1700017 
c-CoSe2/CC 10 190 85 1 M KOH Adv. Mater. 2016, 28, 
7527 
NiMo3S4 10 252 98 0.1 M KOH Angew. Chem. Int. Ed. 
2016, 55, 1 
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EG/Ni3Se2/Co9S8 20 170 83 1 M KOH Nano Lett. 2017, 17, 
4202 
NF-Ni3Se2/Ni 10 203 79 1 M KOH Nano Energy 2016, 24 
103 
ONPPGC/ OCC 10 446 154 1 M KOH Energy Environ. Sci. 
2016, 9, 1210 
Ni1-xFex/NC 10 230 111 1 M KOH ACS Catal. 2016, 6, 
580 
 
Figure 3.9. (a) Polarization curves of the overall water splitting using Co3S4@MoS2 as both anode and cathode 
at a scan rate of 5 mV·s-1 in 1 M KOH solution. (b) Chronopotentiometric curve of the Co3S4@MoS2 electrode 
under a current density of 10 mA·cm-2. (c) Comparison of the electrochemical overall water splitting 
performance of the Co3S4@MoS2 heterostructure with some representative reported non-precious bifunctional 
electrocatalysts at 10 mA·cm-2 in 1 M KOH. 
All of the above results indicate that the Co3S4@MoS2 heterostructure is an active and stable 
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bifunctional electrocatalyst for both the HER and OER in an alkaline solution. Therefore, a 
two-electrode setup using Co3S4@MoS2 as both the anode and cathode was assembled to 
investigate its catalytic activity for overall water splitting in a 1 M KOH solution. As shown in 
Figure 3.9a, the Co3S4@MoS2 electrode exhibits high activity, reaching a water-splitting current 
density of 10 mA cm-2 at a voltage of 1.58 V. The inset in Figure 3.9a shows that abundant H2 and 
O2 were produced from the respective Co3S4@MoS2 electrode. Additionally, the 
chronopotentiometric curve in Figure 3.9b reveals that Co3S4@MoS2 is stable for at least 10 h. 
Such prominent activity demonstrates the potential application of Co3S4@MoS2 for overall water 
splitting. The remarkable overall water splitting performance of Co3S4@MoS2 compares favorably 
to other recently reported nonprecious overall water splitting electrocatalysts, such as Ni@NC-800 
(ca. 1.60 V) [39], MoO2/Ni (ca. 1.73 V) [40], and Ni3S2/Ni foam (ca. 1.76 V) [41] (Figure 3.9c).  
3.4. Conclusion 
In summary, I developed a core-shell Co3S4@MoS2 heterostructure by the in situ growth of MoS2 
nanosheets on the surfaces of hollow Co3S4 nanoboxes by carrying out a two-step temperature-raising 
hydrothermal reaction and thermal annealing processes. The elaborate combination of the more 
stable HER catalyst of MoS2 with the remarkable OER catalyst of Co3S4 realizes a bifunctional 
catalyst. More importantly, the unique hollow and core-shell structure, and the synergistic effects of 
lower charge transfer resistances and abundant active sites formed by the Co3S4 and MoS2 
counterparts that endow the Co3S4@MoS2 with outstanding electrocatalytic activity and good 
longterm stability. The strategy developed here provides new insight into the design of novel 
non-noble metal bifunctional catalysts as promising alternatives for overall water splitting. 
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Hollow Porous Heterometallic Phosphide Nanocubes for 





The exhaustible fossil fuels and accompanying environmental issues arising from the use of 
carbon-emitting fuels drive scientists to search for sustainable and ecofriendly alternative energy 
sources.[1] Electrolysis of water (2H2O → O2 + 2H2), in which water is split into hydrogen and 
oxygen without carbon emission and byproducts, has been recognized as an efficient and renewable 
method for the future energy supply.[2,3] The electrolytic process of water splitting constitutes the 
following two half-cell reactions. One is the reduction of H+ ions (2H+ + 2e- → H2), which is called 
the hydrogen evolution reaction (HER), and the other is the oxidation of water (2H2O → O2 + 4H+ 
+ 4e-), which is termed the oxygen evolution reaction (OER). A low overpotential is essential for 
both reactions to ensure efficient overall water splitting of the electrocatalysts. Currently, Pt-group 
metals and Ru/Ir-based compounds are still state-of-the-art electrocatalysts for HER and OER with 
low overpotentials. However, the prohibitively high cost and scarcity of these noble metals pose 
great constraints for commercialization in modern industry. Therefore, breakthroughs in making 
highly efficient, stable, and earth-abundant catalysts will promote the development of 
electrochemical water splitting.  
In recent years, nonprecious metal-based nanomaterials have been recognized as alternative 
electrocatalysts for HER and OER.[4] Among them, transition metal chalcogenides, carbides, and 
phosphides have shown potential as highly active and stable catalysts for HER.[5,6] On the other 
hand, transition metal oxides and hydroxides have been investigated for catalyzing OER in alkaline 
electrolytes.[7,8] Most of the above-mentioned catalysts function well for either OER or HER. To 
improve the overall efficiency of water electrolysis, it is desirable to exploit highly efficient 
catalysts to facilitate both HER and OER in the same electrolyte. Recently, heterometallic-based 
materials have been found to catalyze both OER and HER and possess higher electrocatalytic 
activity for water splitting compared with their single counterparts due to the well-tunable 
electronic structures derived from the interactions between different components.[9–11] For example, 
Wang et al. reported NiCoFe layered double hydroxides supported on carbon fiber cloth obtained 




triple hydroxides, the optimal NiCoFe hydroxides exhibited remarkable performance for both HER 
and OER in alkaline media.[9] Later, a Co-doped NiO/NiFe2O4 mixed oxide mesoporous nanosheet 
array on Ni foam was also fabricated as a bifunctional water splitting electrocatalyst via a 
solvothermal method.[10] 
    Metallic phosphides have emerged as burgeoning nonprecious metal electrocatalysts for both 
HER and OER owing to their low cost and high electrical conductivity.[12–19] Of note, metal 
phosphides would be partially oxidized to corresponding metal oxide or (oxy)hydroxides during 
OER catalysis and form unique heterostructures. Due to the improved conductivity compared with 
the corresponding metal oxides/hydroxides and the synergistic electronic interactions between the 
different components, the composite electrocatalysts usually exhibit remarkably enhanced OER 
catalytic activities compared with the simple corresponding metal oxides/hydroxides synthesized 
directly.[16–19] Nevertheless, high overpotentials are still needed to drive HER and OER unless the 
structure and composition of the metal phosphide catalysts are rationally designed. Recently, Wang 
et al. utilized a multimetallic system to synthesize NiCoFe phosphide nanosheets supported on Ni 
foam as a bifunctional electrocatalyst for effcient overall water splitting, but the obtained 2D 
NiCoFe phosphide showed a high overpotential of 231 mV to deliver a current density of 10 mA 
cm-2 for HER in an alkaline electrolyte.[20] In addition, the above-mentioned heterometallic 
metal-based materials showed nanosheet structures, which tend to aggregate during practical 
application, leading to decreased catalytic performance. Thus, constructing heterometallic metal 
phosphides with a 3D architecture, an accessible porous structure, and abundant effective active 
sites is a promising approach but has not been reported. 
    In this work, I proposed to prepare highly efficient metal phosphide catalysts for both HER and 
OER by incorporating multimetal modulators to systematically and rationally adjust the electronic 
structures. Furthermore, metal–organic frameworks (MOFs) and porous coordination polymers, a 
type of organic– inorganic hybrid material with regular porous structures and tunable compositions, 
have been demonstrated as outstanding templates and precursors for preparation of metal 
oxide/sulfide/phosphide nanostructures with high surface areas, permanent porosities, and 




phosphides with a well-defined 3D porous architecture. Herein, I reported the successful synthesis 
of hollow porous heterometallic phosphide (NiCoFeP) nanocubes via a one-step phosphidation of a 
NiCoFe Prussian blue analogue which is a traditional coordination polymer. Benefiting from the 
tunable chemical composition and structure, the resulting 3D hollow NiCoFeP exhibits excellent 
catalytic activities in alkaline solution with overpotentials of 273 and 131 mV for OER and HER at 
a current density of 10 mA cm-2, respectively. The obtained material also shows Tafel slopes of 35 
and 56 mV decade-1 for OER and HER, which are much smaller than those reported for most 
nonprecious metal-based catalysts. 
4.2. Experimental Section 
4.2.1. Materials  
Nickel nitrate hexahydrate (Ni(NO3)2·6H2O), cobalt nitrate hexahydrate (Co(NO3)2·6H2O), 
potassium hexacyanoferrate(III) (K3[Fe(CN)6]), sodium phosphinate monohydrate dehydrate 
(NaH2PO2·H2O), and trisodium citrate dihydrate (Na3C6H5O7·2H2O) were purchased from Wako Co., 
Ltd. Nafion (5%) was obtained from Sigma Aldrich. 
4.2.2. Synthesis  
Synthesis of NiCoFe-PBA Nanocubes: In a typical procedure, 0.5 mmol nickel nitrate hexahydrate, 
1.5 mmol cobalt nitrate hexahydrate, and 2.25 mmol trisodium citrate dihydrate were dissolved in 
50 mL of deionized water to generate clear solution A. Then, 1 mmol potassium 
hexacyanoferrate(III) was dissolved in 50 mL of deionized water to form solution B. Then, solution 
B was added into solution A under magnetic stirring at room temperature. After continuous stirring 
for 5 min, the obtained mixed solution was aged for another 24 h at room temperature. The 
precipitate was washed via several rinsing–centrifugation cycles with deionized water and ethanol 
and then dried at 60 °C overnight. The obtained product was designated NiCoFe-PBA. For 
comparison, CoFe-PBA and NiFe-PBA were also prepared using a similar synthetic procedure as 
for NiCoFe-PBA, except that nickel nitrate hexahydrate and cobalt nitrate hexahydrate were not 
used in the synthesis of CoFe-PBA and NiFe-PBA, respectively. Furthermore, the inﬂuence of the 




amount of nickel nitrate hexahydrate to 1 mmol in the synthetic processes of NiCoFe-PBA, which 
was named NihighCoFe-PBA. 
Synthesis of Metal Phosphides: To obtain the heterometallic phosphide, the above precipitates and 
NaH2PO2·H2O with a mass ratio of 1:10 were placed at two separate positions in a crucible with 
NaH2PO2·H2O at the upstream side of the furnace. Subsequently, the products were heated at 
350 °C for 2 h under a nitrogen atmosphere at a heating rate of 2 °C min-1. The heterometallic 
phosphide was obtained after cooling to ambient temperature, named NiCoFeP. The samples, 
including CoFeP, NiFeP, and NihighCoFeP, were synthesized according to the same phosphidation 
process as NiCoFeP. 
4.2.3. Characterization  
Field-emission SEM measurements were performed on a Hitachi SU-8000 instrument at an 
accelerating voltage of 5 kV. XRD patterns were collected on a Rigaku RINT 2000 X-ray 
diffractometer using Cu Kα radiation (40 kV and 40 mA) at a scanning rate of 2 °C min-1. TEM 
measurements and elemental mapping analysis were conducted a JEM-2100F operated at 200 kV. 
N2 adsorption–desorption isotherms were obtained using a BELSORP-mini at 77 K. The specific 
surface areas were calculated from N2 adsorption–desorption isotherms by applying the multipoint 
Brunauer–Emmett–Teller (BET) model over a P/P0 range of 0.05–0.5. The pore size distribution 
was estimated from the nitrogen isotherm using the BJH model. XPS was carried out on a PHI 
Quantera SXM (ULVAC-PHI) instrument to determine the compositions and valence states of the 
elements in the samples. Thermogravimetric (TG) analysis was conducted using a Hitachi 
HT-Seiko Instrument Exter 6300 TG/DTA. FTIR was carried out with a Thermo Scientifc Nicolet 
4700 using KBr pellets. Inductively coupled plasma optical emission spectroscopy was performed 
using a Hitachi model SPS3520UV-DD.  
4.2.4. Electrochemical Measurements 
All of the electrochemical measurements were performed using a CHI 660EZ electrochemical 
analyzer in a standard three-electrode system with a glassy carbon electrode (GCE) as the working 




reference electrode. Homogeneous catalyst ink was prepared as follows: 2 mg of catalyst was 
dispersed into 500 µL of solution containing 475 µL of ethanol and water mixture solution (volume 
ratio of 1:3) and 25 µL of Nafion solution (5 wt%). After sonication for 1 h, 5 µL of the catalyst ink 
was dropped onto the surface of the GCE with a diameter of 3 mm and dried under ambient 
conditions. The loading amount of catalyst was 0.283 mg cm-2. The polarization curves were 
collected in 1.0 M KOH electrolyte at a scan rate of 5 mV s-1 for both HER and OER. The potential 
versus reversible hydrogen electrode (ERHE) was converted based on the following equation: ERHE = 
ESCE + (0.241 + 0.059 × pH). EIS was carried out to determine the interfacial charge-transfer 
resistances in the frequency range from 0.1 to 100000 Hz. The stability was evaluated via CV with a 
scan rate of 100 mV s-1 for 2000 cycles at the potential range between 1.0 and 1.6 V (vs. RHE) for 
OER and 0.0 and -0.6 V (vs. RHE) for HER. Chronoamperometric response (i–t) measurements 
were also performed to further certify the good stability. CV curves with different scan rates (10, 20, 
40, 60, 80, and 100 mV s-1) were measured in the potential range without a redox process to probe 
the electrochemical double layer capacitance (Cdl). 
4.3. Results and Discussion 
 
Figure 4.1. Schematic illustration of the preparation of hollow porous NiCoFeP nanocubes. 
The synthetic route for NiCoFe Prussian blue analogue (NiCoFe-PBA) and its derived hollow porous 
NiCoFeP nanocubes is schematically illustrated in Figure 4.1. The NiCoFe-PBA nanocubes were 
first prepared through a facile coprecipitation method and were used as both templates and precursors. 
The scanning electron microscopy (SEM) image in Figure 4.2a shows that the NiCoFe-PBA 
particles are cubic in structure with smooth surfaces. The diameter of the cube ranges from 100 to 200 




NiCoFe-PBA precursor match well with those of cubic NiFe-PBA (JCPDS card no. 51–1897) and 
CoFe-PBA (JCPDS card no. 86–0502). 
 
Figure 4.2. (a) SEM image of the NiCoFe-PBA precursor, and (b) SEM image, (c) TEM image, (d,e) 
high-resolution TEM images, and (f–i) TEM–EDXS elemental mapping images of the obtained hollow 
porous NiCoFeP nanocubes. 
Hollow porous NiCoFeP nanocubes were converted from the NiCoFe-PBA precursor via a 
low-temperature phosphidation reaction under a N2 atmosphere. Thermogravimetric (TG) 
measurement of NiCoFe-PBA was conducted to provide some information about the formation 
mechanism of the NiCoFeP. As depicted in Figure 4.3b, NiCoFe-PBA suffers from an obvious mass 
loss below 150 °C, most likely because of the loss of water. From 150 to 300 °C, the weight decreases 




shows a large mass loss in the range from 300 to 500 °C, which can be attributed to the decomposition 
of the CN groups in NiCoFe-PBA.[25] Thus, during the phosphidation process, the transition metal 
ions are reduced by liberation of CN groups to the metallic state, and then they react with PH3 that is 
released from NaH2PO2·H2O to form heterometallic phosphide.[26] The XRD patterns (Figure 4.3c) 
of the obtained NiCoFeP show that the diffraction peaks are indicative of the mixture of CoP (JCPDS 
no. 29–0497), Ni5P4 (JCPDS no. 89–2588), and Fe2P (JCPDS no. 85–1727). The chemical structures 
of NiCoFe-PBA and NiCoFeP were further investigated by Fourier transform infrared spectroscopy 
(FTIR) analysis (Figure 4.3d). The peaks located at 3406 and 1608 cm-1 for NiCoFe-PBA are 
consistent with the OH stretching vibration and bending vibration of water molecules, respectively, 
whereas the two adsorption bands observed in the region of 2000–2200 cm-1 are attributed to the 
characteristic stretching vibration of the CN group. The peaks at 2100 and 2160 cm-1 correspond to 
the bridging cyanide and the terminal cyanide group, respectively.[27–29] After phosphidation of the 
NiCoFe-PBA precursor at 350 °C, the characteristic peaks of CN are much weaker in the obtained 
heterometallic phosphide, indicating that most of the NiCoFe-PBA precursor is decomposed and 
transformed to metallic phosphide and that only a small amount of CN existed in the metallic 
phosphide composite. The remaining carbon may enhance the durability of the catalyst, whereas the 
remaining N is helpful for interacting with the reactant and can activate the adjacent carbon atoms, 
which are favorable for accelerating the catalytic activity of the catalysts.[28,30]  
The SEM image in Figure 4.2b reveals that the obtained NiCoFeP inherits the same cubic 
structure as the NiCoFe-PBA precursor, while the particles show rough surfaces that are composed 
of small nanoparticles. Notably, a hollow void is visible in the nanocube, as revealed in the 
transmission electron microscopy (TEM) image (Figure 4.2c). Such transformations from solid 
MOF precursors to hollow structures are common during pyrolysis processes (oxidation, 
phosphidation, and sulfidation), which might be caused by the nonequilibrium interdiffusion 
process.[31–33] Meanwhile, the gas (N2, H2O) produced in the pyrolysis process gradually releases, 
promoting the formation of a hierarchical porous structure. High-resolution TEM (HRTEM) images 
provide further insight into the atomic-scale structure of the heterometallic phosphide (Figure 




multicomponents with several visible lattice spacings of 5.11, 2.38, and 2.83 Å, which correspond 
to the (101) plane of Ni5P4, (111) plane of Fe2P, and (011) plane of CoP, respectively. The elemental 
mapping images for NiCoFeP illustrate that Ni, Fe, Co, and P elements are homogeneously 
distributed in the hollow nanocube, as shown in Figure 4.2f–i.  
 
Figure 4.3. (a) XRD pattern of the NiCoFe-PBA precursor. (b) TG curve of the NiCoFe-PBA precursor 
measured under a N2 atmosphere. (c) XRD pattern of NiCoFeP. (d) FTIR spectra of the NiCoFe-PBA 
precursor and the obtained NiCoFeP.  
Table 4.1. The contents of Ni, Co, Fe, and P in different samples according to ICP measurement. 
Catalysts Ni wt% Co wt% Fe wt% P wt% 
NiFeP 32.4 - 23.4 44.2 
CoFeP - 35.8 22.5 41.7 
NiCoFeP 4.7 32.7 25.3 37.3 





Figure 4.4. SEM images of the (a) CoFe-PBA, (d) NiFe-PBA, and (g) NihighCoFe-PBA precursors, and 
corresponding SEM images and TEM images of (b,c) CoFeP, (e,f) NiFeP, and (h,i) NihighCoFeP obtained after 
one-step phosphidation under a N2 atmosphere. 
For comparison, the bimetallic PBAs of NiFe-PBA and CoFePBA as well as the trimetallic 
PBA of Ni highCoFe-PBA (with a higher concentration of Ni ions in the reaction system) were 
prepared to construct the corresponding phosphides. The obtained phosphides were named NiFeP, 
CoFeP, and NihighCoFeP (Figure 4.4), and the contents of elements for different samples are listed 
in Table 4.1. N2 adsorption–desorption isotherms were used to measure the specific surface area of 
the obtained samples (Figure 4.5). The specific surface area of NiCoFeP is 45 cm2 g-1, which is 
higher than that of NihighCoFeP (21 cm2 g-1), CoFeP (36 cm2 g-1), and NiFeP (27 cm2 g-1). The 
mesopore size distribution of NiCoFeP was calculated by applying the Barrett–Joyner–Halenda 
(BJH) method. As shown in Figure 4.6, NiCoFeP exhibits a wide pore-size distribution, which 





Figure 4.5. N2 adsorption-desorption isotherms of (a) NiCoFeP, (b) CoFeP, (c) NiFeP, and (d) NihighCoFeP. 
 





Figure 4.7. (a) XPS spectrum of the obtained hollow porous NiCoFeP nanocubes. High-resolution XPS 
spectra of (b) Ni 2p, (c) Co 3d, (d) Fe 2p, and (e) P 2p of NiCoFeP. 
X-ray photoelectron spectroscopy (XPS) was used to evaluate the chemical compositions and 
the element valence states of NiCoFeP. The overall spectrum of NiCoFeP in Figure 4.7a manifests 
the coexistence of Co, Ni, Fe, and P elements, matching well with the above energy-dispersive 
X-ray spectra (EDX) elemental mapping results (Figure 4.2f-i). The high-resolution XPS spectrum 
of Ni 2p in Figure 4.7b can be deconvoluted into six peaks. The peaks at ≈853.3 and 870.7 eV can 
be assigned to nickel phosphide, whereas the peaks located at 856.3 and 874.0 eV correspond to the 
NiOx species along with the satellite peaks at 861.7 and 880.7 eV.[31] The Co 2p spectrum (Figure 
4.7c) can be deconvoluted into two spin–orbit doublets. The first doublet is located at 778.5 and 




781.9 eV (Co 2p3/2) and 797.4 eV (Co 2p1/2), indicating that Co exists in the form of Co3+ and Co2+. 
The other two peaks located at 785.8 and 802.9 eV belong to shakeup satellites.[34,35] For the Fe 2p 
spectrum (Figure 4.7d), the peaks at 707.5 and 720.0 eV are characteristic of the Fe 2p2/3 and Fe 
2p1/2 of the Fe-P bonds, respectively; the peaks at 709.5 and 723.0 eV are attributed to the Fe 2p2/3 
and Fe 2p1/2 of the Fe-O bond on the surface, respectively, and the other two peaks are ascribed to 
satellite peaks.[36] The high-resolution P 2p spectrum in Figure 4.7e reveals that there is a pair of 
peaks located at 129.5 and 130.3 eV, which are ascribed to the P 2p3/2 and P 2p1/2, respectively, 
indicative of the formation of metal phosphides. The peaks at 133.8 eV reﬂect the generation of P-O 
bonds resulting from the sample’s oxidation in air.[35] 
 
Figure 4.8. (a) Polarization curves, (b) the OER overpotentials for delivering the current density of 10 mA 
cm-2, and (c) the corresponding Tafel plots of the obtained NiFeP, CoFeP, NihighCoFeP, NiCoFeP, and RuO2 
electrodes for OER in 1 M KOH solution. (d) EIS Nyquist plots of different electrodes recorded at the same 




shown are corrected by iR compensation. LSV scan rate: 5 mV s-1. 
 
Figure 4.9. (a) Chronoamperometric responses (i–t) collected on the NiCoFeP electrode and commercial 
RuO2 at the applied overpotentials of 273 mV and 285 mV over 10 h in 1 M KOH. (b) LSV curves of 
NiCoFeP obtained from the first and 2000th cycles in 1 M KOH for OER. Inset is the SEM image of 
NiCoFeP after 2000 cycles of continuous CV measurements in 1 M KOH. The potential mentioned here is 
after iR compensation according to LSV curves. 
It is challenging to obtain an efficient catalyst for OER because it is a very complex and 
energy-intensive process due to the sluggish four-electron transfer process. The catalytic 
performance of NiCoFeP for OER was evaluated in a 1 M KOH electrolyte and was compared with 
those of the reference samples of NiFeP, CoFeP, NihighCoFeP, and RuO2. As shown in Figure 4.8a,b, 
NiCoFeP exhibits a smaller overpotential of 273 mV at a current density of 10 mA cm-2 (η10) 
compared with pristine CoFeP (295 mV at η10) and NiFeP (308 mV at η10), indicating the higher 
OER of NiCoFeP. In accordance with the previous reports, the decreased overpotential for NiCoFeP 
should be attributed to the synergistic effects of the different metal phosphides. In the heterometallic 
phosphide, Ni species serve as active sites, and the homogeneously distributed Fe and Co can tune 
the electronic properties of the active centers and thus improve the OER catalysis.[37] Notably, as the 
nickel content increases in the precursor, the derived NihighCoFeP shows worse OER activity (348 
mV at η10) compared with NiCoFeP, which may originate from the irregular morphology of the 




performance than commercial RuO2 (285 mV at η10), indicating its potential to be an excellent 
earth-abundant OER catalyst. To gain further insights into the OER process on different catalysts, 
Tafel plots of the linear region of the overpotential versus log (current density) were also recorded 
(Figure 4.8c). The Tafel slopes of the NiCoFeP, NihighCoFeP, NiFeP, and CoFeP are 35, 39, 45, and 
35 mV dec-1, respectively. The values of the Tafel slopes are all smaller than those for RuO2 (70 mV 
dec-1), suggesting the highly efficient kinetics of heterometallic phosphide for oxygen evolution.  
 
Figure 4.10. EDX spectra of the NiCoFeP catalyst (a) before and (b) after 2000 cycles of the CV stability 
test. Insets in (a) and (b) are the weight percentages of different elements in the catalysts. 
Impressively, such low overpotential and Tafel slope place the NiCoFeP catalyst among the top 
tier of water oxidation catalysts (Table 4.2). The long-term electrochemical stability of the NiCoFeP 
electrode was tested by obtaining the chronoamperometric responses (i–t) at a given overpotential 
of 273 mV. As shown in Figure 4.9a, NiCoFeP sample presents no obvious decrease in current 
density compared with RuO2 over the 10 h operation. In addition, the catalytic stability of NiCoFeP 
was also evaluated by continuous cyclic voltammetric (CV) sweeps between 1.0 and 1.6 V (vs. 
RHE) at a scan rate of 100 mV s-1 for 2000 cycles. Figure 4.9b illustrates that the polarization 
curve of NiCoFeP after 2000 cycles remains similar to the initial curve, suggesting the robust 
stability of the NiCoFeP electrode for OER in alkaline electrolytes. The hollow cubic structures are 
still maintained after the longterm OER durability measurements (Figure 4.9b, Inset). As 
mentioned before, metal phosphides are easily oxidized under OER catalysis. Thus, to investigate 
the state transformation of the catalyst under OER conditions, the catalysts were collected after 




before and after 2000 cycles of the CV stability test are presented in Figure 4.10. After 2000 cycles 
of the CV stability test, the P content in the NiCoFeP catalyst decreased from 24.5 to 4.2 wt%, and 
the oxygen content increased from 29.6 to 44.4 wt%. The results suggest that some percentage of 
the heterometallic phosphide is converted to metal oxides/(oxy)hydroxides during the OER 
catalysis process. 
 
Figure 4.11. (a) XPS spectra of the NiCoFeP catalyst before and after 2000 cycles of the CV stability test. 
(b–e) High-resolution XPS spectra of (b) Ni 2p, (c) Co 3d, (d) Fe 2p, and (e) P 2p of NiCoFeP and the 
post-catalysis sample (the black line and red line represent the NiCoFeP catalyst before and after 2000 cycles 





Figure 4.12. Cyclic voltammograms of (a) NiCoFeP, (b) CoFeP, (c) NiFeP, and (d) NihighCoFeP with various 
scan rates in 1 M KOH solution. 
The compositional change was further confirmed by XPS spectra (Figure 4.11). The wide 
spectra of the NiCoFeP catalyst after the stability test indicate the presence of Ni, Co, Fe, P, and O 
elements (Figure 4.11a), while the intensity of the P peak decreases dramatically, which is in 
agreement with the EDX results (Figure 4.10). In the high-resolution XPS spectrum of Ni 2p 
(Figure 4.11b), the peaks at ≈853.3 and 870.7 eV, which can be assigned to nickel phosphide, 
disappear in the NiCoFeP catalyst after the stability test. However, the peaks located at 856.3 and 
874.0 eV, corresponding to the NiOx species, remain. The Co 2p spectrum (Figure 4.11c) on the 
surface of the catalyst after the stability test fits a Co3O4-like surface structure.[17] For the Fe 2p 
spectrum (Figure 4.11d), the peaks at 707.5 (Fe 2p2/3) and 720.0 eV (Fe 2p1/2) associated with Fe-P 
bonds are negligible on the surface of the catalyst after the stability test. Meanwhile, the peaks at 
709.5 and 723.0 eV corresponding to the Fe 2p2/3 and Fe 2p1/2 of the Fe-O bonds shift to a more 
positive value, indicating that Fe was oxidized to a higher valence state.[38] In the high-resolution 
XPS spectra of P 2p, the NiCoFeP catalyst before the stability test shows notable features of metal 




NiCoFeP catalyst after the stability test, the phosphide signal is negligible, and only the P-O signal 
is detected (Figure 4.11e). Based on the EDX and XPS results, we conclude that the surface of the 
heterometallic phosphide precatalyst is oxidized to oxide/(oxy)hydroxide species after the 
electrochemical process; thus, in situ phase transformation may contribute to the high OER activity 
and good stability of the heterometallic phosphide precatalyst.[16,17,38]  
 
Figure 4.13. Linear slopes plotted from the cyclic voltammograms (Figure 4.12) of NiCoFeP, CoFeP, NiFeP, 
and NihighCoFeP in 1 M KOH. 
To understand the reason for the enhanced OER activity of NiCoFeP, the possible factors that 
might affect the activity were carefully explored. Electrochemical impedance spectroscopy (EIS) 
was first performed at 1.3 V versus RHE to investigate the electron-transfer kinetics during OER 
catalysis. As shown in Figure 4.8d, the Nyquist plots reveal that the semicircular diameter of 
NiCoFeP is obviously smaller than those of CoFeP, NiFeP, and NihighCoFeP, suggesting that the 
NiCoFeP possesses the smallest charge transfer impedance (Rct) at the electrode–electrolyte 
interface, which favors OER catalytic activity. The electrochemically active surface area (ECSA), as 
another important criterion for accelerating the catalytic activity of the electrodes, was also 
investigated. Generally, the ECSA of the catalysts is reﬂected by the electrochemical double-layer 
capacitance (Cdl), which can be obtained by CV measurements at a non-Faradaic potential range 




samples obtained at different scan rates (10, 20, 40, 60, 80, and 100 mV s-1). By plotting the 
difference in current density between the anodic and cathodic sweeps at 1.35 V (vs. RHE) against 
the scan rate, a linear slope, which is equivalent to twice the value of Cdl, can be acquired. As shown 
in Figure 4.13, the calculated Cdl values of NiCoFeP, CoFeP, NiFeP, and NihighCoFeP are 69, 43, 36, 
and 24 mF cm-2, respectively. Based on the above results, it is indicated that NiCoFeP has much 
more effective electrocatalytic active sites, which should contribute to catalyzing OER. All the 
above results confirm that composition modulation of multimetal phosphides can remarkably 
improve their catalytic activity for OER. 
 
Figure 4.14. (a) Polarization curves, (b) HER overpotentials for delivering a current density of 10 mA cm-2, 
and (c) the corresponding Tafel plots of the obtained NiFeP, CoFeP, NihighCoFeP, NiCoFeP, and Pt/C 
electrodes for HER in a 1 M KOH solution. (d) EIS Nyquist plot of different electrodes recorded at the same 
applied voltage (-0.3 V vs. RHE). All results shown are corrected by iR compensation. LSV scan rate: 5 mV 
s-1. 
The HER performance of NiCoFeP was also tested in 1.0 M KOH. Commercial Pt/C (20 wt%) 




CoFeP, NiFeP, NihighCoFeP, and Pt/C. As expected, the Pt/C catalyst exhibits the best activity 
toward HER with the smallest overpotential to drive 10 mA cm-2. Although the HER activity of 
NiCoFeP is inferior to that of the Pt/C electrode, it is still important to note that NiCoFeP demands 
an overpotential of 131 mV to reach 10 mA cm-2, which is substantially lower than that of CoFeP 
(246 mV at η10), NiFeP (263 mV at η10), and NihighCoFeP (358 mV at η10) (Figure 4.14b). The Tafel 
slopes (Figure 4.14c) of NiCoFeP, CoFeP, NiFeP, and NihighCoFeP are ≈ 56, 67, 89, and 106 mV 
decade-1, respectively. Based on the previous report, a Tafel slope in the range of 40–120 mV 
decade-1 suggests a combined Volmer–Heyrovsky mechanism for hydrogen production under 
alkaline conditions,[39,40] and the reactions are described as follows 
H2O + e- → Hads + OH- (Volmer)              (1) 
Hads + H2O + e- → H2 + OH- (Heyrovsky)       (2) 
The above results prove that NiCoFeP is also a remarkable catalyst that outperforms other 
reported nonprecious metal HER catalysts in alkaline media (Table 4.3). The EIS measurement was 
carried out at a potential of -0.3 V (vs. RHE). As shown in Figure 4.14d, NiCoFeP shows the lowest 
charge transfer resistance, implying that the synergistic interaction between the three metals 
accelerates the chargetransfer process of NiCoFeP for HER. NiCoFeP also exhibits excellent 
long-term stability and durability in HER electrocatalysis, showing a lower loss of current density 
than Pt/C after 10 h, as well as negligible changes in polarization curves after 2000 continuous CV 
cycles for HER (Figure 4.15). Furthermore, the morphology retains the original structure after the 





Figure 4.15. (a) Chronoamperometric responses (i–t) collected on the NiCoFeP electrode and commercial 
Pt/C at the applied overpotentials of 131 mV and 60 mV over 10 h in 1 M KOH. LSV curves of NiCoFeP 
obtained from the first and 2000th cycles in 1 M KOH for HER. Inset is the SEM image of NiCoFeP after 2000 
cycles of continuous CV measurements in 1 M KOH. 
Table 4.2. Comparison of the OER performance of NiCoFeP with those of other electrocatalysts. 
Catalysts Current 
density 







NiCoFeP (this work) 10 273 35 1 M KOH  
CoMnP 10 330 61 1 M KOH J. Am. Chem. Soc. 2016, 
138, 4006 
Ni0.9Fe0.1PS3 NS 20 329 69 1 M KOH ACS Catal. 2017, 7, 8549 
CoP/rGO-400 10 340 66 1 M KOH Chem. Sci. 2016, 7, 1690 
Fe1.1Mn0.9P 10 440 V 39 1 M KOH Chem. Mater. 2017, 29, 
3048 
Co-P Film 10 345 47 1 M KOH Angew. Chem. Int. Ed. 
2015, 54, 6251 
Co 
phosphide/phosphate 
30 330 65 1 M KOH Adv. Mater. 2015, 27, 
3175 
Ni–P nanoplate 10 300 64 1 M KOH Energy Environ. Sci. 
2016, 9, 1246 
Ni@NC-800 10 280 45 1 M KOH Adv. Mater. 2017, 29, 
1605957 
Co(S0.22Se0.78)2 10 283 66 1 M KOH Adv. Funct. Mater. 2017, 
27, 1701008 





sandwich-like CoP/C 10 330 53 1 M KOH J. Mater. Chem. A 2016, 
4, 9072 
BP/Co2P 10 380 78 1 M KOH Angew. Chem. Int. Ed. 
2018, 57, 2600 
Co2P 10 280 60.4 1 M KOH Adv. Mater. 2018, 30, 
1705796 
 










NiCoFeP (this work) 10 131 56 1 M KOH  
CoP/rGO-400 10 150 38 1 M KOH Chem. Sci. 2016, 7, 1690 
Co 
phosphide/phosphate 
30 430 — 1 M KOH Adv. Mater. 2015, 27, 
3175 
Ni@NC-800 10 205 160 1 M KOH Adv. Mater. 2017, 29, 
1605957 
Co(S0.71Se0.29)2 10 122 85.7 1 M KOH Adv. Funct. Mater. 2017, 
27, 1701008 
BP/Co2P 100 336 72 1 M KOH Angew. Chem. Int. Ed. 
2018, 57, 2600 
Ni5P4 10 150 53 1 M KOH Angew. Chem. Int. Ed. 
2015, 54, 12361 
NiCoP/rGO 10 209 124.1 1 M KOH Adv. Funct. Mater. 2016, 
26, 6785 







10 300 110 1 M KOH Adv. Mater. 2017, 29, 
1700017 
c-CoSe2/CC 10 190 85 1 M KOH Adv. Mater. 2016, 28, 
7527 
NiMo3S4 10 252 98 0.1 M KOH Angew. Chem. Int. Ed. 
2016, 55, 15240 
EG/Ni3Se2/Co9S8 20 170 83 1 M KOH Nano Lett. 2017, 17, 4202 
NF-Ni3Se2/Ni 10 203 79 1 M KOH Nano Energy 2016, 24, 
103 
Ni1-xFex/NC 10 230 111 1 M KOH ACS Catal. 2016, 6, 580 
4.4. Conclusion 
In summary, a simple approach to assemble hollow porous heterometallic phosphide nanocubes has 
been developed via direct phosphidation of metal–organic frameworks. The compositional 
optimization of the hybrids endows the final catalyst with high catalytic activity for both HER and 
OER in an alkaline electrolyte. The exceptional catalytic performance of NiCoFeP for overall water 
splitting is due to i) the unique porous hollow nanocube structures that provide many active sites, 
ensure adequate contact between the catalyst and electrolyte, and accelerate the mass transfer and ii) 
the synergistic effects from the triad (Fe, Co, Ni) of phosphides. The electrochemically active sites 
can increase to accelerate the reaction during the water electrolysis. The discovery in this work 
highlights a new strategy for preparing low-cost, efficient, and robust catalysts for overall water 
splitting by carefully adjusting the component ratios in multiple metal-containing MOF precursors. 
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Chapter 5  
Synthesis of Mesoporous Transition Metal Sulfides as 






Transition metal sulfides are attracting increasing attention for electrochemical energy storage and 
conversion, arising from their distinguished structural advantages and electronical characteristics.[1–
3] However, the limited number of active sites, intrinsic sluggish charge transfer kinetics, and easy 
aggregation of the 2D nanosheets still impede their electrochemical performance.  
    Structuring mesoporous materials on the nanoscale could introduce abundant accessible 
mesopores, high surface area and high density of defects, allowing the catalysts expose more active 
sites and facilitate the charge transfer and product diffusion, which are advantageous for 
applications requiring high surface reactivity.[4–7] Silica-based mesoporous materials are firstly 
developed, and gradually extended to the carbon and transition metal oxide materials.[8–10] Yet, 
preparing mesostructured metal sulfides is still difficult. The major challenge is the large volume 
contraction between metal precursors and final products, which make it difficult to retain the 
mesostructures after the removal of templates.[11] Hard-template route using mesoporous silica as 
template has been explored to fabricate mesostructured metal sulfides, and various mesoporous CdS, 
ZnS, WS2 and MoS2 materials have been successfully synthesized.[12–15] Specially, Jiao et al. 
extended the above hard-template method to the synthesis of first-row transition-metal sulfides, 
such as FeS2, CoS2, and NiS2 using an optimized “oxide-to-sulfide” strategy.[11] Of note, this 
hard-template method requires complicated processes such as the fabrication of the template, the 
deposition of target materials into the regulated spaces, and the removal of template.[16] 
    To avoid the multistep synthetic process by using hard-template, the soft-template method 
using surfactants has also been adopted to synthesize mesoporous metal sulfides. Braun et al. firstly 
reported a surfactant templating approach to prepare ordered mesostructured CdS, ZnS, and CdZnS2 
materials by using oligoethylene oxide oleyl ether as a structure-directing agent.[17,18] However, the 
low electronic affinity between metal salts and organic structure-directing agent and uncontrollable 
fast precipitation between metal ions and the S2- ion leads to the few reports on other metal sulfides, 
such as CoS and NiS. Recently, Miao et al. synthesized mesoporous pyrite FeS2 nanoparticles via a 




forming agent.[19] However, the oxide-to-sulfide gas-phase sulfurization conversion requires a 
highly corrosive and poisonous H2S atmosphere and a very long reaction time. Therefore, 
simplifying the synthesis of mesoporous metal sulfides would expand the materials palette for 
mesoporous chemistry and enable more efficient utilization of metal sulfides in catalysis.  
Compared to the limited available surfactants, amphiphilic block copolymers with controllable 
molecular weights and compositions have recently emerged as promising tools for the synthesis of 
new mesoporous materials with unique features, including tunable mesostructures, ultralarge pores, 
and highly crystalline frameworks.[6] Furthermore, assembling metal sulfide heterostructures into 
mesostructured architectures could enrich the active sites and reconfigure electrons due to the 
interfacial and synergistic effects between the different components, which further promote the 
catalytic kinetics.[20–23] To the best of our knowledge, a well-defined metal sulfide architecture with 
regular pore distribution and adjustable pore size have never been reported.  
Here, I demonstrated a novel and facile soft-templating method to create mesoporous metal 
sulfide composite. Spherical Co-Mo-S precursor in the presence of the micelles template 
(PS-Co-Mo-S) is firstly formed at room temperature. Subsequently, calcination of as-prepared 
precursor under N2 atmosphere produces spherical MoS2/CoMo2S4 heterostructures with open and 
interconnected porous structure. The resultant mesoporous MoS2/CoMo2S4 (meso-MoS2/CoMo2S4) 
heterostructures highlight the advantage of the mesoporous structure and manifest enhanced 
catalytic performances for both HER and OER. Moreover, chemical doping of transition metal Fe 
atoms into the meso-MoS2/CoMo2S4 architectures further facilitates its catalytic activity toward 
electrochemical water splitting.  
5.2. Experimental Section 
5.2.1. Materials 
Dithiooxamide (NH2CSCSNH2), Phosphomolybdic acid hydrate (H3PMo12O40·nH2O, PMo12), 
Nafion solution (5 wt%) were purchased from Sigma-Aldrich Chemical Co. 
Polystyrene-block-poly(acrylic acid) (PS(5000)-b-PAA(4000), PS(15000)-b-PAA(4300)) were purchased 




(Fe(NO3)3·9H2O), Potassium Hydroxide Solution, N,N-dimethylformamide (DMF) and ethanol were 
purchased from Wako Co. All of these chemicals were used without further purification. 
5.2.2. Synthesis 
In a typical synthesis, 20 mg of PMo12 was dissolved in 4 mL deionized water to generate solution A. 
Dithiooxamide (20 mg) was dissolved in ethanol (4 mL) to prepare solution B. 20 mg of 
Co(NO3)2·6H2O was added to 2 mL of deionized water to form solution C. Next, solution A, B, and C 
were added to DMF (1 mL) and deionized water (2 mL) mixed solution containing 20 mg of 
PS(5000)-b-PAA(4000) in sequence with 5 minutes interval under mild stirring. After continuous reaction 
for 12 hours at room temperature (~ 25 °C) with magnetic stirring, the precipitates were washed via 
several rinsing-centrifugation cycles with deionized water and ethanol and then dried in a 
freeze-dryer. Finally, the dried power were pre-heated at 350 °C for 1 hour and finally heated at 
700 °C for 2 hour with a heating rate of 2 °C min-1 under N2 atmosphere. The resulting sample was 
denoted as meso-MoS2/CoMo2S4. To further improve the catalytic performance of 
meso-MoS2/CoMo2S4, meso-Fe-MoS2/CoMo2S4 was synthesized by adding 1 mL of deionized water 
containing 10 mg of Fe(NO3)3·9H2O followed by adding the solution C to proceed with the same 
process as the meso-MoS2/CoMo2S4. For comparison, MoS2/CoMo2S4 was also prepared with the 
same procedure but in the absence of block polymer PS-b-PAA.  
5.2.3. Characterization  
Powder X-ray diffraction (XRD) analysis was carried out on a Rigaku RINT 2000X-ray 
diffractometer with monochromated Cu Kα radiation (40 kV, 40 mA) at a scanning rate of 2 °C·min-1. 
The morphologies of the samples were observed using a Hitachi SU-8000 field-emission scanning 
electron microscopy (SEM) at an accelerating voltage of 5 kV. Transmission electron microscopy 
(TEM) and elemental mapping analysis were collected using a JEM-2100F operated at 200 kV. 
Nitrogen adsorption-desorption isotherms were performed on a BELSORP-mini (BEL, Japan) at 77 
K. The surface areas were calculated based on Multipoint Brunauer-Emmett-Teller (BET) method, 
and the pore size distributions were obtained by the Barrett-Joyner-Halenda (BJH) model from the 




out on a PHI Quantera SXM (ULVAC-PHI) instrument with an Al Kα X-ray source. All the binding 
energies were calibrated using the C 1s peak as a reference (285.0 eV). The UV adsorption spectra 
were measured using a JASCO V-570 UV-vis-NIR spectrophotometer. Fourier transform infrared 
spectroscopic (FTIR) measurements were recorded on a thermoscientific Nicolet 4700 using KBr 
pellets. Zeta-potential measurement was checked using a Beckman particle size and zeta potential 
analyzer.  
5.2.4. Electrochemical Measurements 
Electrochemical investigations were performed using a CHI 660EZ electrochemical workstation in a 
typical three-electrode setup, with a glassy carbon electrode (GCE, 3 mm diameter) coated with the 
catalyst ink as the working electrode, a graphite rod as the counter electrode, and a saturated calomel 
electrode (SCE, 0.241 V vs. RHE) as the reference electrode. All the potentials were calibrated with 
respect to a reversible hydrogen electrode (RHE) based on the equation: E(RHE) =E(SCE) + 0.059 × 
pH + 0.241. The ohmic potential drop (iR) losses that arise from the solution resistance were all 
recorded. The overpotential (η) for the OER was calculated according to the following formula: η(V) 
= E(RHE) – 1.23 V. Polarization curves for both OER and HER activities were characterized by linear 
sweep voltammetry (LSV) with a scan rate of 5 mV s−1 in 1.0 M KOH. The Tafel slopes were 
obtained with the following equation from the corresponding LSV curves: η = a + b log j, where η is 
the overpotential, b is the Tafel slope, j is the current density, and a is the exchange current density. 
Electrochemical impedance spectroscopy (EIS) was performed at potentials of − 0.1 V vs. RHE for 
HER and 1.3 V vs. RHE for the OER in a frequency ranging from 1 to 100 kHz with an amplitude of 
10 mV. Cyclic voltammetry (CV) was conducted at non-Faradaic overpotentials ranging from 1.3 to 
1.4 V (vs. RHE, in 1 M KOH) with different scan rates to evaluate the electrochemical double-layer 
capacitance (Cdl) of the materials, which is considered to be proportional to the electrochemical 
surface area. The Cdl was calculated by plotting j = janodic – jcathodic at 1.35 V vs. RHE against the scan 
rate, and the obtained linear slope is twice of the Cdl. The long-lifetime tests were carried out by i−t 
curves at a constant working potential for 10 h. 




μL of Nafion solution (5 wt%) and 475 μL of ethanol/water (volume ratio is 1:3), followed by 
sonication for 1 hour to form a homogeneous ink solution. Then, 5 μL of the catalyst ink was dropped 
onto the surface of the polished GCE and dried naturally at room temperature. The mass loading of 
active material is 0.283 mg cm−2. 
5.3. Results and discussion 
The meso-MoS2/CoMo2S4 spheres were prepared by a polymer-assisted self-assembly method. The 
synthetic process schematically illustrated in Figure 5.1. Amphiphilic block copolymers 
polystyrene-block-poly (acrylic acid) (PS-b-PAA) was employed as the pore-forming agent. 
Phosphomolybdic acid hydrate (H3PMo12O40·nH2O, PMo12) and cobalt nitrate hexahydrate 
(Co(NO3)2·6H2O) were used as the metal species. Dithiooxamide (NH2CSCSNH2, DTO), a chelating 
agent, was selected as sulfide source. DTO has been proven to have chelating capabilities with metal 
ions (Co2+, Zn2+, Ni2+)[24] and PMo12[25] by strong covalent bonding and electrostatic interactions, 
respectively, thus provides us opportunity to construct metal sulfides precursor. Firstly, the PS-b-PAA 
was dissolved in DMF, the addition of water induced the formation of PS-b-PAA micelles composed 
of hydrophobic PS cores surrounded by hydrophilic PAA shells. The Tyndall effect was checked to 
confirm the micellization of the polymer by a laser pointer (Figure 5.2a,b). Transmission electron 
microscopy (TEM) image reveals the formation of narrowly dispersed spherical micelles composed 
of PS cores with an average diameter of ~ 15 nm (Figure 5.2c). The zeta potential of the micelles 
solution was measured to be -16 mV, which suggests that the carboxyl groups in PAA block are 
ionized and the micelles display electron negativity, enabling it possible to interact with the 
positively-charged metal ions in the solution.26 Moreover, the hybridization of DTO with Co and Mo 
sources triggered the formation of spherical Co-Mo-S precursor in the presence of the micelles 
template (PS-Co-Mo-S). Finally, the high-temperature treatment of the precursor at 700 °C caused the 
removal of the micelles template and the reaction between Mo, Co-containing components and sulfur 





Figure 5.1. Schematic illustration of the synthesis of meso-MoS2/CoMo2S4 heterostructures. I: the 
electrostatic interactions between PS-b-PAA micelles and metal ions; II: the chelating capabilities of DTO with 
Co2+ and PMo12. 
 
Figure 5.2. The Tyndall effect under a laser pointer to prove the micellization of the polymer. Optical 






Figure 5.3. (a,b) SEM images of the PS-Co-Mo-S precursor. (c) SEM, (d,e) TEM images of 
meso-MoS2/CoMo2S4. (f) High resolution TEM, (g) STEM image of meso-MoS2/CoMo2S4, and (h) the 
corresponding elemental mappings of Mo, Co, S, C, N, and P. (i) N2 adsorption-desorption isotherms of 
meso-MoS2/CoMo2S4 and MoS2/CoMo2S4 (Inset i is the pore size distribution of meso-MoS2/CoMo2S4). 
Scanning electron microscopy (SEM) shows that the precursor has well-defined spherical 
structures with uniform particle size of ~ 100 nm and its surfaces are decorated with ostensibly small 
nanoparticles (Figure 5.3a,b). After pyrolysis treatment of the precursor under N2 atmosphere, the 
obtained particles retain the spherical shape (Figure 5.3c), while distinct mesopores can be clearly 
discerned throughout the spherical particles (Figure 5.3d). A closer TEM image reveals that the 
removal of micelles and shrink of particles during calcination leaves pores with around ~ 7 nm 
diameter (Figure 5.3e). High-resolution TEM (HRTEM) image (Figure 1f) shows well-defined 
lattice fringes with d-spacing of 0.62 nm and 0.26 nm, which are consistent with the d-spacing of 
(002) planes of MoS2 and (-223) planes of the CoMo2S4. The corresponding element mapping images 
(Figure 5.3g,h) show the coexistence of Co, Mo, S, C, N, P elements, which are uniformly distributed 




Benefitting from the mesoporous structure, the resultant mesoporous structure has a specific surface 
area of 53 m2 g-1, which is much higher than the control sample of MoS2/CoMo2S4 (7 m2 g-1) (Figure 
5.3i). Furthermore, according to the BJH (Barret-Joyner-Halenda) mode of the BET measurement, 
the sample displays a rather narrow pore size distribution centered at 7 nm, which is in accordance 
with TEM result.  
 
Figure 5.4. (a) UV spectrum of Co(NO3)2, DTO, and their mixed solution Co-S, (b) UV spectrum of PMo12, 
DTO, and their mixed solution Mo-S. (c) FTIR spectrum of Co(NO3)2, DTO, and their complex Co-S, (d) FTIR 
spectrum of PMo12, DTO, and their complex Mo-S. 
To reveal the formation mechanism of the spherical PS-Co-Mo-S precursor, corresponding 
characterization were carried out. UV-Vis absorption spectrum of the Co-S complex in Figure 5.4a 
shows a new broad adsorption band in visible region at 450 nm compared with the pure Co2+ and 
DTO solution, indicating the coordination between Co2+ and DTO.[27] While the chelating process of 
DTO with PMo12 should be different from that with Co2+ by strong covalent bonding, as the spectrum 
of the mixed solution does not show any obvious change (Figure 5.4b). Fourier transform infrared 




while C=S bond decreases in the Co-S complex compared to those of DTO, accompanying with the 
appearance of the Co-N and Co-S bond at higher wave number. Based on the above observations, it 
can be concluded that DTO coordinate with Co2+ through N and S atoms, and the Co-S bond appeared 
at 419 cm-1, while Co-N bond was located at 577 cm-1.[28] Figure 5.4d shows the FTIR spectrum of 
PMo12, DTO and their complex Mo-S. As seen from the results, the four characteristic bands of 
PMo12 centered at 1049 (P-O), 931 (Mo=O), 863 (Mo-Oc-Mo), 790 cm-1 (Mo-Oe-Mo) respectively, 
are observed in the Mo-S complex.[29] Moreover, the bonds belong to DTO can also be easily 
identified in the complex. Of note, no new peaks appear in the complex, further confirming that the 
interaction between PMo12 and DTO is not by chemical bond. PMo12 is a proton-rich strong but 
unstable acid in water, the pKa values of PMo12 are 2.4, 4.31, and 5.46,[30] while the pH of the Mo-S 
mixed solution is 2.6, which indicate that H3PMo12O40 dissociated to [H2PMo12O40]–. It was reported 
that the NH2– in the DTO structures could be protonated by the hydrogens of H3PMo12O40 and 
functions as cations, enabling its combination with the negatively charged polyanion of 
[H2PMo12O40]–.[25] All these results suggest that DTO hybridize with Co2+ through strong covalent 
bond, while combine with PMo12 through electrostatic effects, thus induce the formation of the 
precursor.   
 
Figure 5.5. SEM images of the PS-Co-Mo-S precursors obtained by adding PMo12 of (a) 10 mg, (b) 20 mg, (c) 






Figure 5.6. (a) TEM images of the as-formed PS15000-b-PAA4300 polymeric micelles, (b) SEM image of the 
precursor obtained by using PS15000-b-PAA4300, and (c) SEM, (d,e) TEM, (f) HRTEM images of the 
corresponding obtained meso-MoS2/CoMo2S4. 
Furthermore, the impact of concentration of PMo12 and Co(NO3)2 on the structural evolution of 
the precursor was also investigated. Figure 5.5a-c show that the particle size increases along with the 
increased concentration of PMo12 in the reaction system, suggesting that PMo12 concentration can 
modulate the particle size. When the concentration of PMo12 is too low, the as-formed particle size is 
too small to combine with micelles, thus make it difficult to get mesoporous structure and also the 
small particles are easily to aggregate after carbonization. From Figure 5.5d-e, we can see that more 
micelles are embedded in the surface of the particles when the concentration of cobalt source 
increases. As mentioned before, the PAA group in the micelles is negatively charged, while the Co2+ 
is positively charged metal, thus more positively charged Co2+ can combine with more negatively 
charged micelles. All these results manifest that rational compositional modulation of metal species 
plays an important role in achieving the spherical mesoporous architectures. Specially, one of the 
advantages of the amphiphilic polymers is their controllable molecular weight, which means that the 
pore size of the mesopores dispersed in the architecture can be easily adjusted by changing the 
molecular weight of PS block in the polymer. As seen from Figure 5.6, the formed spherical micelles 
show narrowly dispersed size distribution with an increased average diameter of ~25 nm when the PS 




the metal sulfide composite.  
 
Figure 5.7. (a) XRD pattern of synthesized meso-MoS2/CoMo2S4. The green and grey vertical lines indicate 
reference patterns of MoS2 (JCPDS card no. 75-1539) and CoMo2S4 (JCPDS card no. 24-0332), respectively. 
(b–d) High-resolution XPS spectra of (b) Co 2p, (c) Mo 3d, and (d) S 2p of meso-MoS2/CoMo2S4.  
The crystalline structure of the obtained sample was then checked by the X-ray diffraction 
(XRD) pattern (Figure 5.7a). The diffraction pattern reveals that all the peaks can be indexed to a 
composite composed of CoMo2S4 and MoS2. Of note, previous reports demonstrate that 
carbonization of the DTO-transition metal complexes can generate inorganic@N-doped carbon 
(NdC) hybrid nanoparticles, while no noticeable carbon peaks are observed for meso-MoS2/CoMo2S4, 
presumably due to their relatively weak intensities compared to those of the highly crystallinity MoS2 
and CoMo2S4. X-ray photoelectron spectroscopy (XPS) measurements were performed to further 
investigate the surface elemental valence states of Co, Mo, and S elements in the 
meso-MoS2/CoMo2S4. The high-resolution XPS spectrum of Co 2p can be deconvoluted into two 
pairs of spin-orbit doublets (Figure 5.7b). The peaks at 778.2eV in and 793.4 eV are matched with Co 




2p1/2 from Co2+. For the Mo 3d spectrum (Figure 5.7c), the peaks fitted with Mo 3d5/2 and Mo 3d3/2 
are observed at 229.2 eV and 232.5 eV. Moreover, the nearby S 2s peak is divided into two peaks at 
225.6 and 226.5 eV, corresponding to the two different chemical states of the S species bonding with 
Co and Mo ions, respectively. In the S 2p spectrum (Figure 5.7d), the peaks located at (161.3, 162.9 
eV), and (161.8, 163.6 eV) can been assigned to the S 2p3/2 and S 2p1/2 of Co–S bonds and Mo–S 
bonds, respectively. 
 
Figure 5.8. Polarization curves of meso-MoS2/CoMo2S4 and MoS2/CoMo2S4 for the (a) OER in a 1 M KOH 
solution, (b) HER in a 1 M KOH solution. 
To identify the structural advantages of meso-MoS2/CoMo2S4 on catalytic performance, its 
electrocatalytic activities for OER and HER were firstly evaluated by liner sweep voltammetry (LSV) 
in 1.0 M KOH, and compared with MoS2/CoMo2S4 synthesized without PS-b-PAA micelles and 
hence had no mesopores. As depicted in Figure 5.8a, meso-MoS2/CoMo2S4 shows remarkably 
enhanced OER catalytic activity than MoS2/CoMo2S4, with a smaller overpotential of 330 mV than 
that of 370 mV for MoS2/CoMo2S4 at a current density of 10 mA cm−2. Meanwhile, it also possesses 
a superior HER performance to MoS2/CoMo2S4 (Figure 5.8b). The improved catalytic activity of 
meso-MoS2/CoMo2S4 should be attributed to the numerous mesopores in MoS2/CoMo2S4 
architectures which enable the catalyst with more exposed active sites, and the pore channels further 
accelerate the mass transport and the diffusion of the formed gas on its surface. Though the 
performance of MoS2/CoMo2S4 is improved by functionalizing mesoporous structure, its activity is 





Figure 5.9. (a,b) TEM images of the meso-Fe-MoS2/CoMo2S4, and (c) the corresponding elemental mappings 
of Mo, Co, Fe, and S. (d) High-resolution XPS spectra of Fe 2p of meso-Fe-MoS2/CoMo2S4. 
 
Figure 5.10. (a) XRD patterns of synthesized meso-MoS2/CoMo2S4 and meso-Fe-MoS2/CoMo2S4. 
Doping of different transition metal atoms into host materials often results in synergistically 
enhanced catalytic properties. As reported by previous researches, a certain amount of Fe doping in 
the material can increase the activity through adjusting the coordination valence states and the 




atoms into the meso-MoS2/CoMo2S4 heterostructures by in situ adding Fe source into the reaction 
system (see the experimental section for details), yielding a mesoporous Fe-doped MoS2/CoMo2S4 
composite (meso-Fe-MoS2/CoMo2S4). 
As shown in the TEM images (Figure 5.9a,b), the spherical architecture has been well retained 
after Fe doping, with obvious mesopores still distributing around the entire particle. Element mapping 
images in Figure 5.9c show the homogeneous distribution of Fe element over the whole particle with 
a relatively low density. Interestingly, XRD patterns (Figure 5.10) show that the crystal structure of 
meso-MoS2/CoMo2S4 is well maintained with no new phases appearing after Fe doping, suggesting 
that Fe atoms are probably doped in the lattice of meso-MoS2/CoMo2S4.[34] As shown in Figure 5.9d, 
the Fe 2p high resolution XPS spectra of meso-MoS2/CoMo2S4 can be deconvoluted into two peaks at 
710.9 eV (Fe2+ 2p3/2) and 723.0 eV (Fe2+ 2p1/2), and also peaks at 714.9 eV (Fe3+ 2p3/2) and 725.3 eV 
(Fe3+ 2p1/2), which reveal the coexistence of Fe2+ doping in pyrite-phase and higher oxidation state of 
Fe3+ species. Furthermore, according to the XPS spectra (Figure 5.11), the Fe doping brings 
discernible chemical state variation of the meso-MoS2/CoMo2S4. Compared to meso-MoS2/CoMo2S4, 
the Co 2p peaks and Mo 3d peaks of meso-Fe-MoS2/CoMo2S4 slightly shifts toward the lower 
banding energies, suggesting the incorporation of Fe element changes the chemical environment of 
meso-MoS2/CoMo2S4, which probably is in favor of promoting the catalytic activity.  
 
Figure 5.11. The contrast of XPS spectra of (a) Co 2p spectra and (b) Mo 3d spectra in 







Figure 5.12. (a) Polarization curves, and (b) the corresponding Tafel plots of meso-Fe-MoS2/CoMo2S4, 
meso-MoS2/CoMo2S4, MoS2/CoMo2S4, and RuO2 for OER. (c) Polarization curves, and (d) the corresponding 
Tafel plots of meso-Fe-MoS2/CoMo2S4, meso-MoS2/CoMo2S4, MoS2/CoMo2S4, and Pt/C for HER. All results 
shown are corrected by iR compensation. LSV scan rate: 5 mV·s−1.   
Remarkably, as shown in Figure 5.12a, meso-Fe-MoS2/CoMo2S4 exhibits a distinctly 
enhanced activity relative to meso-MoS2/CoMo2S4, reducing the overpotential to 290 mV to 
achieve the current density of 10 mA cm−2 for OER. Tafel plots derived from the LSV curves 
(Figure 5.12b) show that meso-Fe-MoS2/CoMo2S4 has a Tafel slope of 65 mV decade−1, which is 
smaller than those of meso-MoS2/CoMo2S4 (74 mV decade−1), MoS2/CoMo2S4 (95 mV decade−1) 
and even RuO2 (70 mV decade−1), demonstrating a faster kinetics for oxygen generation. The 
excellent OER catalytic activity of meso-Fe-MoS2/CoMo2S4 can be comparable to the most active 
transition metal-based non-precious OER electrocatalysts (Table 5.1). In addition, 




superior durability, which the current density maintains over 10 hours with no noticeable 
degradation under continuous operation. Numerous reports have demonstrated that Fe doping can 
trigger the low valence state of coordinated metal in metal oxide/(oxy)hydroxide shift to more 
active high valence state during OER process, and optimize the absorption energy of O and OH 
binding (ΔGO*-ΔGOH*), resulting in optimal overpotential.[32,35,36,37] It is well known that metal 
sulfides can be oxidized to corresponding metal oxides or (oxy)hydroxides under OER condition, 
thus, we propose that the Fe doping in our material also play an positive role in accelerating the 
OER performance by adjusting the coordination element valence state and optimize the absorption 
energy. 
 
Figure 5.13. Chronoamperometric responses (i–t) collected on the meso-Fe-MoS2/CoMo2S4 electrode over 
10 h in 1 M KOH for both (a) OER and (b) HER. 
The HER performance of meso-Fe-MoS2/CoMo2S4 was also investigated. Figure 5.12c shows 
the HER polarization curves of meso-Fe-MoS2/CoMo2S4, meso-MoS2/CoMo2S4, MoS2/CoMo2S4, 




displays a superior HER activity to meso-MoS2/CoMo2S4, and MoS2/CoMo2S4, with a low 
overpotential of 122 mV to achieve the current density of 10 mA cm−2 (142 mV for 
meso-MoS2/CoMo2S4 and 195 mV for MoS2/CoMo2S4 at the same current density). The Tafel plots in 
Figure 5.12d shows meso-Fe-MoS2/CoMo2S4 possesses a lowest slope compared with 
meso-MoS2/CoMo2S4, and MoS2/CoMo2S4, signifying a remarkable HER kinetics of 
meso-Fe-MoS2/CoMo2S4. The HER catalytic activity of meso-Fe-MoS2/CoMo2S4 is also 
comparable to other reported HER electrocatalysts (Table 5.2). Moreover, the durability result 
(Figure 5.13b) reveals a high robust stability of meso-Fe-MoS2/CoMo2S4 since no obvious current 
density decay is observed in a period of 10 hour. It has been demonstrated that Fe doping could 
optimize the value of adsorption free energy of H* (ΔGH*) of the catalyst, which is beneficial to 
accelerate the HER rate. For HER in alkaline environment, the sluggish water activation process is 
considered to be a rate-determining step for HER catalysts. It has been revealed that the incorporation 
of Fe could further facilitate HER catalytic kinetic process by decreasing water adsorption energy on 
the catalyst.[34]  
In order to better understand the inherent reason why meso-Fe-MoS2/CoMo2S4 could possess 
enhanced catalytic activity, electrochemical impedance spectroscopy (EIS) was performed to explore 
the electrode kinetics under OER and HER conditions (Figure 5.14). The Nyquist plots reveal that 
meso-Fe-MoS2/CoMo2S4 has a lower charge-transfer resistance (Rct) than those of 
meso-MoS2/CoMo2S4 and MoS2/CoMo2S4 for both OER and HER, indicated by the smaller diameters 
of the semicircles registered at high-frequency range. The small Rct accounts for a more favorable 
kinetics on the meso-Fe-MoS2/CoMo2S4 electrode. Furthermore, electrochemical active surface area 
(ECSA) was evaluated by conducing cyclic voltammetry (CV) measurements (See the details in the 
Electrochemical measurement). As seen in Figure 5.15, the electrochemical double-layer capacitance 
(Cdl) are 50, 40, and 25 mF cm−2 for meso-Fe-MoS2/CoMo2S4, meso-MoS2/CoMo2S4, and 
MoS2/CoMo2S4, respectively, which suggest that the mesopores throughout the spherical structure 
bring higher ESCA and Fe incorporation helps to further increase ESCA of meso-Fe-MoS2/CoMo2S4. 
All these results demonstrate that the mesoporous structure and Fe doping significantly promote the 





Figure 5.14. EIS Nyquist plot of different electrodes recorded at the same applied voltage of (a) 1.3 V vs. 





Figure 5.15. Cyclic voltammograms of (a) meso-Fe-MoS2/CoMo2S4, (b) meso-MoS2/CoMo2S4, and (c) 
MoS2/CoMo2S4 with various scan rates in 1 M KOH. (d) Linear slopes were plotted from the cyclic 
voltammograms of different electrodes. 












10 290 65 1 M KOH  
meso-MoS2/CoMo2S4 10 330 74 1 M KOH  
MoS2/CoMo2S4 10 360 95 1 M KOH  




10 440 57 1 M 
KOH 
Angew. Chem. Int. 
Ed. 2018, 57, 1856 
C-MOF-C2-900 10 350 79 0.1 M KOH Adv. Mater. 2018, 
30, 1705431 
CoO/hi-Mn3O4 10 378 61 1 M KOH Angew. Chem. Int. 
Ed. 2017, 56, 8539 
S,N-Fe/N/C-CNT 10 370 82 0.1 M KOH Angew. Chem. Int. 
Ed. 2017, 56, 610 
Co4N/CNW/CC 10 320 81 1 M KOH J. Am. Chem. Soc. 
2016, 138, 10226 
C@NCF-900 10 430 - 0.1 M KOH Adv. Mater. 2018, 
30, 1803372 





CoFe/N-GCT 10 450 106 0.1 M KOH Angew. Chem. Int. 
Ed. 2018, 57, 16166 
N-HC@G-900 10 350 88.1 1 M KOH Angew. Chem. Int. 
Ed. 2018, 57, 16511 
NiFe2O4/FeNi2S4 HNSs 10 429 - saturated 
PBS 
J. Am. Chem. Soc. 
2018, 140, 17624 
CoOx NPs/BNG 10 295 57 0.1 M KOH Angew. Chem. Int. 
Ed. 2017, 56, 7121 
 













10 122 90 1 M KOH  
meso-MoS2/CoMo2S4 10 142 116 1 M KOH  
MoS2/CoMo2S4 10 195 185 1 M KOH  
BP/Co2P 100 336 72 1 M KOH Angew. Chem. Int. Ed. 
2018, 57, 2600 
NiFe LDHNS@DG10 10 300 110 1 M KOH Adv. Mater. 2017, 29, 
1700017 
O-Co2P-3 10 160 61.1 1 M KOH Adv. Mater. 2017, 29, 
1606980 






NiO NRs-m-Ov 10 110 100 1 M KOH Nano Energy 2018, 43, 
103 
mC-Mo-750 10 145 55 1 M KOH Adv. Funct. Mater. 
2018, 1807419 
HNDCM-Co/CoP 10 135 64 1 M KOH ACS Nano 2017, 11, 
4358 
NESSP 10 230 36 1 M KOH Adv. Mater. 2017, 29, 
1702095 
N-doped Ni3S2 10 155 113 1 M KOH Adv. Energy Mater. 
2018, 1703538 
5.4. Conclusion 
In summary, a versatile block copolymer self-assembly strategy has been developed to fabricate 
mesoporous metal sulfides spheres with well-defined particle size and tunable pore size. Such a 
synthesis is achieved based on an elaborate design via the cooperative electrostatic assembly of the 
PS-b-PAA copolymers and Co2+ moieties, as well as the cheating interaction between S2- and Co2+ 
and PMo12. These mesopores not only provide abundant active sites for the adsorption of the water 
molecule and OH- but also facilitate the charge transfer and the gas (O2 and H2) diffusion, enabling 
meso-MoS2/CoMo2S4 exhibit enhanced catalytic performances as compared to that of 
non-mesoporous MoS2/CoMo2S4 heterostructures. Atom-scale electronic structure optimization by 
introducing Fe into the meso-MoS2/CoMo2S4 further boost the electrochemical water splitting 
process of meso-MoS2/CoMo2S4 by increasing the intrinsic activity of catalytic active sites. This 
strategy developed in the present work can be extended to the construction of other mesoporous 
materials with high level of structural complexity.  
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Assembly of Hollow Mesoporous Nanoarchitectures 
Composed of Ultrafine Mo2C Nanoparticles on N-doped 





6.1. Introduction  
Transition metal carbides have similar d-band electronic density of states to Pt-group metals and 
could serve as inexpensive alternatives to precious metal catalysts.[1–3] Molybdenum carbides in 
particular have been explored as possible candidates for energy conversion and storage technologies 
in part because of their favorable electronic structure, combined with low cost, mechanical and 
thermal stability, and high electrical conductivity. As a result, a range of Mo2C-based materials have 
been fashioned into batteries,[4,5] or used to make electrodes for various electrocatalytic reactions 
including the hydrogen evolution reaction (HER),[6–8] oxygen reduction reaction (ORR),[9,10] and 
CO2 reduction.[11,12] But molybdenum carbide (Mo2C) has a very high melting point (~ 2500 ℃),[13] 
thus synthesizing it via high-temperature carbonization of Mo and organic precursors most often 
results in bulk Mo2C with mediocre performance compared to Mo2C nanoparticles.[14] It is 
advantageous to form molybdenum carbide nanoparticles on a supporting material framework to 
avoid aggregation during carbonization.  
As we all know, morphological controlled synthesis is a hot topic in nanochemistry because 
the performance of nanomaterials is largely influenced by the nanostructure. Carbon/molybdenum 
carbide composites have been generated with various methods, yielding morphologies including 
nanowires,[15] nanosheets,[16] nanospheres,[17] and nano-octahedra.[18] Mesoporous materials,[19,20] as 
reported in many studies, have demonstrated excellent performances in different fields due to their 
desirable properties, including their relatively high surface area, accessible porous structure, and 
less diffusion limitation. However, construction of mesoporous carbon/molybdenum carbide 
architectures remains in its infancy and highly challenging. The most efficient approach to 
synthesize mesoporous materials is the soft-templating approach using amphiphilic molecules (i.e., 
surfactants or amphiphilic block copolymers) as a template. To date, high-molecular-weight block 
polymers including polystyrene-block-poly(ethylene oxide) (PS-b-PEO), 
PS-block-poly(4-vinylpyridine) (PS-b-P4VP), PEO-block-poly(methyl methacrylate) 
(PEO-b-PMMA), and polyisobutylene-block-PEO (PIB-b-PEO), have been designed as templates to 




representative ones and have been intensively used as soft templates because they are stable in 
multiple conditions and can direct the assembly of mesoporous materials.  
Furthermore, using the tools of mesoporous chemistry to create regular three dimensional (3D) 
architectures composed of mesoporous two dimensional (2D) building blocks is also intriguing. At 
the nanoscale level, 2D nanostructures provide more active sites and an enhanced electrolyte–
electrode contact area, in addition to vastly shortened electronic–ionic diffusion pathways. On the 
mesoscale level, the 3D microstructure prevents individual nanosheets from restacking, which 
diminishes their conductivity and can cause the Mo2C catalyst to aggregate.[21,22] To successfully 
construct mesoporous 3D structures composed of carbon/molybdenum carbide, one must solve a 
variety of challenges: (i) selecting the molybdenum and carbon precursors is critical in order to 
keep them well-dispersed during the formation of the nanosheets. (ii) The carbon precursor must 
interact strongly with the pore-forming template and maintain that morphology once the template is 
removed. (iii) The arrangement and mechanical properties of the nanosheets must help to prevent 
restacking or collapse of the porous structure during high temperature carbonization.  
Dopamine (DA) is a catechol derivative that is known to form complexes with various metal 
ions including molybdate (MoO42-).[23–25] In addition, alkaline conditions can promote DA to 
self-polymerize and make polydopamine. A system featuring strong complexation and the ability to 
self-polymerize would generate well-dispersed, nanostructured molybdenum carbides. More 
importantly, DA can interact with PS-b-PEO through hydrogen bonding, allowing us to obtain 
mesoporous carbon/molybdenum carbides after selective removal of the block copolymer 
templates.[26] Finally, carbonization of DA leaves a relatively large amount of nitrogen (N) dopant 
inside the carbon framework.[27] N-doped carbon materials provide unique electron donor/acceptor 
characteristics that increase the electrocatalytic performance of adsorbed catalysts.[28–30]  
In this chapter, I proposed a simple, inexpensive method to prepare highly-porous 3D 
architectures composed of Mo2C/N-doped carbon nanosheets (MMo2C/NCS). These structures form 
microscale hollow spheres with nanoscale porous networks throughout their entire volume. 
MMo2C/NCS have numerous exposed active sites and short diffusion pathways due to their unique 




self-assembled into hollow 3D spheres that help prevent restacking of random nanosheets. The 
favorable electronic structure of Mo2C makes these MMo2C/NCS composites useful as 
electrocatalysts for the ORR. 
6.2. Experimental Section 
6.2.1. Materials 
Ammonium molybdate tetrahydrate ((NH4)6Mo7O24·4H2O), dopamine hydrochloride (DA) and 
Nafion solution (5 wt%) were purchased from Sigma-Aldrich Chemical Co. 
Polystyrene-b-poly(ethylene oxide) (PS173-b-PEO170) was purchased from Polymer Source Inc. 
Ammonia hydroxide (NH3·H2O), absolute ethanol, potassium hydroxide (KOH) and tetrahydrofuran 
(THF) were purchased from Wako Co. All the chemicals were used without further purification. 
6.2.2. Synthesis 
The typical synthetic process is as follows. Dopamine hydrochloride (25 mg) was dissolved in a 
mixed solvent of ethanol and deionized water (volume ratio is 1:2, 3 mL in total) to generate the 
clear solution A. Ammonium molybdate tetrahydrate (100 mg) was dissolved in deionized water (4 
mL) to prepare solution B. Then solution A was added into 2 mL of THF containing 15 mg of 
diblock copolymer PS173-b-PEO170 under mild stirring. After 5 minutes, solution B was added into 
the mixture under stirring and the color of reaction system changed from transparent to orange. 
After stirring another 5 min, 0.5 mL of aqueous ammonia aqueous solution (NH4OH, 28-30%) was 
injected into the reaction to initiate self-polymerization of dopamine and causing the color of the 
solution became orange-red. After continuous reaction for 8 hours, the precipitates were washed via 
several rinsing-centrifugation cycles with de-ionized water and ethanol and then dried at 60 °C for 
12 hours. All synthetic experiments were carried out at room temperature (ca. 22 °C). For 
carbonization, the above precipitates were pre-heated at 350 °C for 2 hours and finally heated at 
900 °C for 1 hour under nitrogen atmospheres with a heating rate of 5 °C min-1 to generate the 
MMo2C/NCS structures. For comparison, additional samples were prepared to obtain some insights 
into the relationships between structures and electrocatalytic activity. Mesoporous carbon spheres 




(Mo2C/NCS) was obtained through the similar synthetic process with Mo2C/NCS except that 
PS173-b-PEO170 was not used in the synthesis of precursor (Mo-PDA).  
6.2.3. Characterization 
Hitachi SU-8000 field-emission scanning electron microscopy (SEM) was used to observe the 
morphology of the samples at an accelerating voltage of 5 kV. Transmission electron microscopy 
(TEM) and elemental mapping analysis were performed to investigate the inner structures of the 
samples using a JEM-2100F operated at 200 kV. X-ray diffraction (XRD) patterns were 
characterized on a Rigaku RINT 2000X-ray diffractometer with monochromated Cu Kα radiation 
(40 kV, 40 mA) at a scanning rate of 1 °C·min-1. Raman spectra were assessed by Horiba-Jovin 
Yvon T64000 with the excitation Laser of 364 nm. Nitrogen adsorption-desorption isotherms were 
acquired by using a BELSORP-mini (BEL, Japan) at 77 K to estimate the surface areas based on 
Multipoint Brunauer-Emmett-Teller (BET) method. The total pore volumes and pore size 
distributions were calculated from the adsorption branches of isotherms based on the 
Barrett-Joyner-Halenda (BJH) model. X-ray photoelectronic spectroscopy (XPS) spectra were 
carried out by using a PHI Quantera SXM (ULVAC-PHI) instrument with an Al Kα X-ray source. 
All the binding energies were calibrated using the C 1s peak as a reference (285.0 eV). Thermal 
gravity (TG) analysis was obtained by using a Hitachi HT-Seiko Instrument Exter 6300 TG/DTA. 
The UV adsorption spectra were measured using a JASCO V-570 UV-vis-NIR spectrophotometer. 
Fourier transform infrared spectroscopic (FTIR) measurements were recorded on a thermoscientific 
Nicolet 4700 using KBr pellets. Zeta-potential measurement was checked using a beckman particle 
size and zeta potential analyzer. Inductively coupled plasma optical emission spectroscopy 
(ICP-OES) was used to check the content of Mo element by using a Hitachi model 
SPS3520UV-DD. 
6.2.4. Electrochemical Measurements 
Electrochemical testing was performed in a three-electrode system, with rotating disk as the 
working electrode, Ag/AgCl (3 M) as the reference electrode, and Pt wire as the counter electrode 




catalyst was dispersed in 400 μL of 1:3 (v/v) isopropanol/water mixed solvent with 20 μL Nafion 
solution (5 wt%). Mixing was assisted by sonication for 1 h to form a homogenous catalyst ink. 
Then 5 μL of the above suspension was dropped on the polished glassy carbon (GC) electrode with 
4 mm diameter (RRDE Pt Ring/GC Disk Electrode, cat. NO. 011162, ALS Co., Ltd.), and dried at 
room temperature. The loading of the catalyst was 0.2 mg cm-2. The electrochemical measurements 
were performed in O2/N2 saturated 0.1 M KOH electrolytes and the flow of O2/N2 was maintained 
over the electrolyte during the test. The polarization curves for ORR were carried out by the 
rotating disk electrode (RDE) or a rotating ring-disk electrode (RRDE) technique. RDE 
measurements were conducted by liner sweep voltammetry (LSV). The disk electrode was scanned 
at a rate of 10 mV s-1 and rotating speed of 1600 rpm at potential between 0.2 and 1.2 V (vs. RHE), 
and the ring electrode potential was held at 1.2 V(vs. RHE). All the CV measurements were 
conducted at a scan rate of 50 mV s-1 from -0.036 to 1.164 V (vs. RHE). The durability test of the 
catalysts were carried out using the accelerated durability test protocol by cycling the catalysts 
between 0.6 and 1.0 V (vs. RHE) at a scan rate of 50 mV s-1 in O2-saturated 0.1 M KOH solution. 
The current densities are normalized to the geometric area (0.1256 cm2) of the glassy carbon disk. 
In order to gain insight to the kinetics of ORR on mesoporous Mo2C/N-doped carbon, RDE 
measurements was conducted under different rotation rate from 400 to 2500 rpm with a scan rate of 









    (1) 
𝑗𝐿 = 𝐵𝜔
1/2 = 0.62𝑛𝐹𝐶0(𝐷0)
2/3𝜐−1/6 𝜔1/2  (2) 
Where, ω is the angular velocity, j is the measured current density, jK and jL are the kinetic and 
diffusion-limiting current densities, respectively, n is the number of transferred electron in oxygen 
reduction, F is the Faraday constant (96485 C mol-1), C0 is the bulk concentration of O2 (1.2×10-6 mol 
cm-3), D0 is the diffusion coefficient of O2 (1.9×10-5 cm2 s-1), and 𝜐 is the kinematic viscosity of the 
electrolyte (0.01 cm2 s-1). B can be derived from the slope of the K-L equation. 
To obtain in-depth understanding on the ORR process, RRDE voltammograms were also measured. 




according to the following equation.  




                             (3) 
Where, where ID is the disk current, IR is the ring current. 
6.3. Results and Discussion 
 
Figure 6.1. An illustration showing the construction of hollow mesoporous nanoparticles composed of 
Mo2C/N-doped carbon nanosheets (MMo2C/NCS). The nanosheets are formed by fast complexation of Mo 
and DA precursors in the presence of a micelle template, which aggregates to generate hollow nanoparticles. 
This structure is carbonized at 900 °C in N2 gas, causing Mo and carbon species to interact and form ultrafine 




Assembly of mesoporous Mo2C/N-doped carbon nanosheets (MMo2C/NCS) into hollow spherical 
particles is shown in Figure 6.1. Diblock copolymer PS-b-PEO was used as the poreforming agent, 
(NH4)6Mo7O24 4H2O served as the Mo source, and dopamine hydrochloride (DA) functioned as 
both a coordination ligand and N-containing carbon precursor. Adding ammonia initiated the 
polymerization of DA to form polydopamine (PDA), thus the complexed starting materials of 
MoO42-/DA polymerized into MoO42-/PDA and interacted with PS-b-PEO micelles to form the 
MoO42-/PDA/PS-b-PEO nanosheets (abbreviated as Mo-PDA-PS), which finally assembled into 3D 
spherical architectures.  
 
Figure 6.2. (a) Photo image of dopamine, (NH4)6Mo7O24·4H2O solutions, and their mixed solution 
MoO42-/DA. (b) UV absorption spectra of DA, (NH4)6Mo7O24·4H2O solutions, and their mixed solution 
MoO42-/DA. (c) FTIR spectra of DA, (NH4)6Mo7O24·4H2O, and the product of Mo-PDA formed by the 







Figure 6.3. SEM images of samples before and after carbonization. (a) Mo-PDA-PS precursor, and (b) 
MMo2C/NCS. Insets are the particle size distribution diagrams. 
The complexation of DA and MoO42- was investigated spectroscopically. DA and 
(NH4)6Mo7O24·4H2O solutions are colorless but acquire an orange-red color upon mixing (Figure 
6.2a) indicating that DA complexes with MoO42- (the complex is abbreviated as MoO42-/DA). The 
UV-Vis absorption spectrum of the mixed solution has a broad absorption band that is characteristic 
of Mo-catechol complexes (Figure 6.2b).[31] Fourier transform infrared (FTIR) spectra can give 
insight into the structural changes and bonding between (NH4)6Mo7O24·4H2O and DA. MoO42-/PDA 
(abbreviated as Mo-PDA) is ultimately formed by the polymerization of the MoO42-/DA complex in 
an alkaline environment. As shown in Figure 6.2c, (NH4)6Mo7O24·4H2O has an absorption band 
located at ~1428 cm-1 that is characteristic of the NH4+ ligand.[32] Bands located at 1342, 1320, 1189, 
and 1174 cm-1 can be assigned to the CH2 and C–O–H bending vibrations, and C–O and C–C 




with new bands appearing at 1537 cm-1 and 1429 cm-1, suggesting the formation of the indole ring in 
PDA.[33] According to zeta-potential measurements, adding DA causes the charge of the solvated 
PS-b-PEO micelles to change from negative to positive. The charge becomes even more negative 
upon addition of (NH4)6Mo7O24·4H2O. This observation underscores the importance of the complex 
interactions between DA, PS-b-PEO, and (NH4)6Mo7O24·4H2O in this synthetic method.  
 
Figure 6.4. (a–c) SEM images, and (d–f) TEM images of hollow spherical Mo-PDA-PS precursors. Inset in (a) 
is a high magnification SEM image of the Mo-PDA-PS precursor. 
The Mo-PDA-PS precursor was first obtained after room temperature reaction of 
(NH4)6Mo7O24·4H2O, DA, and PS-b-PEO under an alkaline environment for 8 hours. The X-ray 
diffraction (XRD) pattern (Figure 6.2d) of the Mo-PDA-PS precursor shows an indeterminate, 
amorphous phase. Yet scanning electron microscopy (SEM) micrographs show that the precursor 
forms nanoparticles with a well-defined spherical structure and an average diameter of ~1.6 µm (as 
shown in Figure 6.3a). Some of the particles have cracks, revealing their hollow structure (inset in 
Figure 6.4a). An SEM micrograph of a single particle in Figure 6.4b shows that the 3D microsphere 




(Figure 6.4c) shows that the nanosheets are composed of thin layers of PS-b-PEO spherical micelles 
ostensibly surrounded by complexed Mo-PDA. Transmission electron microscopy (TEM) confirms 
that the particles are hollow, and the shell is composed of ~15 nm thick nanosheets (Figure 6.4d and 
e). Nanoparticles with diameters of ~25 nm nm are embedded in the nanosheets (Figure 6.4f), which 
roughly corresponds to the size of the PS-b-PEO micelles (Figure 6.5).  
 
Figure 6.5. SEM image of PS173-b-PEO170 micelles dispersed in a 9 mL of mixed solution containing THF, 
water, and ethanol with volume ratio of 2:6:1. 
 
Figure 6.6. TG curves of (a) PS-b-PEO, and (b) Mo-PDA and Mo-PDA-PS measured in N2 atmosphere. 
The Mo-PDA-PS precursor nanoparticles are converted into hollow spherical MMo2C/NCS by 
heating at 900 °C for 1 hour under a flowing N2 atmosphere. Thermogravimetric analysis (TGA) was 
used to compare the behavior of the Mo-PDA-PS precursor with a control sample of Mo-PDA 
prepared without adding a PS-b-PEO template. The TGA curve in Figure 6.6a shows that the weight 




As shown in Figure 6.6b, there is an additional weight loss of 6% in the Mo-PDA-PS precursor at the 
temperature from 350 °C to 430 °C, compared with the Mo-PDA control sample. While at the final 
800 °C, the additional weight loss is still around 6% between the two samples, indicating that the 
PS-b-PEO contributes negligible mass to the final carbonized products. The above results 
demonstrate that PS-b-PEO is part of the Mo-PDA-PS precursor, but it serves almost exclusively as a 
pore-forming agent. The XRD pattern (Figure 6.7) of the MMo2C/NCS sample has peaks located at 
34.4°, 38.0°, 39.4°, 52.1°, 61.5°, 69.6°, 74.6°, and 75.5°, which can be readily indexed to the (100), 
(002), (101), (102), (110), (103), (112), and (201) planes of hexagonal β-Mo2C (JCPDS card no. 
35-0787). The two broad diffraction peaks located at 26° and 42° are assigned to partially graphitic 
carbon.[34] SEM and TEM micrographs of the MMo2C/NCS samples show that the particles retain the 
same hollow spherical shape, but their diameters shrink by ~19% (Figure 6.3b, Figure 6.8a).  
 
Figure 6.7. XRD pattern of the as-prepared MMo2C/NCS. 
Distinct mesopores can be seen on the surface of the MMo2C/NCS nanosheets (Figure 6.8b), 
which are formed via the removal of PS-b-PEO micelles during carbonization. TEM micrographs 
(Figure 6.8c) show that the nanosheets have discrete boundaries that remain separate after the 
carbonization process, leaving ~10 nm diameter mesopores dispersed throughout the nanosheets 
(Figure 6.8d). High-resolution TEM (HRTEM) micrographs provide us with further insight into the 




that the carbon nanosheet is decorated with tiny, ~2 nm nanocrystallites. Analysis of these images 
shows lattice fringes with a spacing of 0.23 nm (Figure 6.8f) which is consistent with the d-spacing 
of the (101) planes of β-Mo2C.[35]. In addition, the hierarchical porous structure of the MMo2C/NCS 
particles results in a very high Brunauer–Emmett–Teller (BET) specific surface area of 212 m2 g-1 
(Figure 6.9) in comparison with 70 m2 g-1 of the Mo-PDA-PS precursor, which shows a potential 
advantage for electrocatalytic applications. 
 
Figure 6.8. (a, b) SEM images, (c, d) TEM, and (e, f) HRTEM images of the hollow spherical MMo2C/NCS 
particles. Inset in (c) is the TEM image of a single particle of MMo2C/NCS. 
X-ray photoelectron spectroscopy (XPS) analyses of hollow spherical MMo2C/NCS enable 
deeper insight into the composition and the valence state of the material. The XPS spectrum of the 




unavoidable due to the surface oxidation of the samples in air.[36] The deconvoluted C 1s spectrum 
is shown in Figure 6.10b; the peak at 284.9 eV is characteristic of the Mo–C bond, whereas those at 
284.5, 285.3, 286.3 and 289.2 eV belong to C–C, C–O, C=O, and O–C=O, respectively.[37] The 
highresolution Mo 3d XPS spectrum (Figure 6.10c) can be deconvoluted into six peaks. The two 
green peaks located at 228.8 eV and 232.0 eV are ascribed to Mo2C, while the blue peaks at 229.4 
eV and 232.8 eV are attributed to MoO2. The pink peaks at 233.3 eV and 236.1 eV are assigned to 
MoO3 and thought to be a consequence of surface oxidation.[37] The N 1s spectrum can be 
deconvoluted into three separate peaks (Figure 6.10d). The main peaks located at binding energies 
of 398.7 eV and 401.5 eV correspond to pyridinic-N and graphitic-N, respectively, while the peak at 
395.3 eV actually is matched with Mo 3p.[8]  
 
Figure 6.9. N2 adsorption-desorption isotherms of Mo-PDA-PS precursor and MMo2C/NCS. 
To further examine the formation process of the hollow Mo-PDA-PS precursor, samples were 
collected at different reaction times and characterized by SEM and TEM. Very short reaction time 
(~5 minutes) yielded spheres with an average size of 1.3 mm (Figure 6.11a) that are composed of 
thin nanosheets with smooth surfaces. This result implies that the Mo-PDA complex is first 
generated and then some of the PS-b-PEO micelles adsorb to its surface (indicated by the arrow in 
Figure 6.11b). When the reaction time was extended to 30 min, more PS-b-PEO micelles are 




and 8 hours resulted in more PS-b-PEO micelles dispersed on the nanosheets, accompanied by an 
increase in the average diameters of the spheres as well as an increase in the overall thickness of the 
nanosheets (Figure 6.11e–h).  
 
Figure 6.10. XPS spectrums of the MMo2C/NCS: (a) survey spectrum, and high-resolution spectrums of (b) C 
1s, (c) Mo 3d, and (d) N 1s. 
TEM micrographs give us more information about the formation process of the hollow 
structure. As described in Figure 6.12a–c, when the amount of ammonia was fixed at 500 mL, the 
hollow Mo-PDA-PS spheres evolved from solid spheres with an increase in reaction time. When the 
amount of ammonia was decreased in the reaction system, the product maintains its solid spherical 
shape even after 8 hours of reaction (Figure 6.12d and e). This suggests that the amount of 
ammonia plays a critical role in the formation of hollow spheres. When the amount of ammonia is 
enough, the core region of the Mo-PDA-PS solid sphere would gradually dissolve due to the 
alkaline conditions (Figure 6.12b), and finally form a hollow structure when dissolution and 




prove this process, the upper clear solutions at different reaction times (5 min, 3 h, 8 h, 12 h) were 
collected by centrifugation. Thus, the content of Mo in the mother liquor was measured by using 
inductively coupled plasma optical emission spectroscopy (ICP-OES). The results show that the Mo 
content in the solution gradually increased with longer reaction times, while the Mo content in the 
upper solution after 8 h reaction is almost the same as that after 12 h. This result suggests that the 
reaction reaches balance at 8 h. In addition, the decomposition of Mo-PDA-PS under alkaline 
conditions is easily proved by putting the 5 minutes product (Mo-PDA-PS-5 min) into high 
concentration ammonia solution (28 wt%) directly. It was found that Mo-PDA-PS-5 min was 
dissolved under alkaline conditions within 2 hours.  
 




hours, and (g,h) 8 hours. 
 
Figure 6.12. TEM images of the Mo-PDA-PS precursor obtained after reaction for (a) 5 min, (b) 2 hours, and 
(c) 8 hours when the amount of ammonia is fixed as 500 μL. TEM images of Mo-PDA-PS obtained after 
reaction for 8 h with ammonia of (d) 100 μL, (e) 300 μL, and (f) 500 μL. 
The oxygen reduction reaction (ORR) is a cornerstone of many important energy-conversion 
devices including fuel cells and metal–air batteries.[39] In particular it is important to develop 
high-efficiency nonprecious metal catalysts to substitute for Pt-based catalysts due to the limited 
availability and high price of noble metals.[40] To examine the performance of mesoporous 
MMo2C/NCS structures for the ORR, similar spherical architectures that were synthesized without 
PS-b-PEO micelles and hence had no mesopores were used as a control sample. In addition, they 
were also compared with N-doped mesoporous carbon spheres (NMCS) prepared without adding a 
Mo precursor, and a standard Pt/C catalyst (20 wt% Pt loading in carbon black). The electrocatalytic 
performances of MMo2C/NCS, Mo2C/NCS, and NMCS samples were first investigated by cyclic 





Figure 6.13. (a) CV of MMo2C/NCS, Mo2C/NCS, NMCS in O2 (solid line)/N2 (dash line)-saturated 0.1 M 
KOH at a scan rate of 50 mV s-1. (b) LSV curves of MMo2C/NCS, Mo2C/NCS, and NMCS. (c) LSV curves of 
MMo2C/NCS at different rotating speeds (inset shows the corresponding Koutecky-Levich plots). (d) Rotating 
ring-disk electrode (RRDE) test of the ORR on MMo2C/NCS in an O2-saturated 0.1 M KOH electrolyte at a 
scan rate of 10 mV s-1 and a rotating rate of 1600 rpm (inset is the corresponding electron transfer number 
calculated from the RRDE data). 
As shown in Figure 6.13a, no obvious redox peaks are observed for all the catalysts in 
N2-saturated 0.1 M KOH solution. In O2-saturated solution, MMo2C/NCS exhibits a strong 
performance, displaying a more positive oxygen reduction peak at a potential of ~0.80 V (vs. RHE) 
than either Mo2C/NCS (~0.76 V) or NMCS (~0.74 V). Linear-sweep voltammogramms (LSVs) 
using a rotating disk electrode (RDE) in O2-saturated 0.1 M KOH solution were measured to 
investigate the electrocatalytic activities of the MMo2C/NCS, Mo2C/NCS, and NMCS samples for 
the ORR. A commercially available Pt/C catalyst was also measured as a benchmark. Remarkably, 
the results in Figure 6.13b show that MMo2C/NCS has a better ORR activity than Mo2C/NCS and 




potential (Eonset = ~0.92 V vs. RHE), compared to Mo2C/NCS (E1/2 = ~0.78 V; Eonset = ~0.90 V) and 
NMCS (E1/2 = ~0.74 V; Eonset = ~0.89 V). It is worth noting that MMo2C/NCS not only displays 
increased electrocatalytic activity toward the ORR compared to the NMCS and Mo2C/NCS 
catalysts, but also shows comparable activity to Pt/C (E1/2 = ~0.85 V) in terms of the E1/2 potential 
(Figure 6.14).  
 
Figure 6.14. LSV curves of hollow spherical MMo2C/NCS and Pt/C obtained from the first and the 2000th 
cycle in 0.1 M KOH. 
To gain an insight into the ORR kinetics of the hollow spherical MMo2C/NCS, RDE 
measurements were performed by LSV at different rotation speeds from 400 rpm to 2500 rpm at a 
constant scan rate of 10 mV s-1 (Figure 6.13c). The corresponding Koutecky–Levich (K–L) plots 
from the LSVs are given in the inset of Figure 6.13c and are parallel with good linearity, which 
suggests first-order reaction kinetics based on the concentration of dissolved oxygen in the ORR 
setup at different potentials.[9] The electron transfer number (n) calculated from the slopes of the K–
L plots is 3.5 between 0.35 V and 0.55 V, indicating that the MMo2C/NCS catalyst favors a nearly 
fourelectron oxygen reduction pathway. Rotating ring disk electrode (RRDE) experiments were 
conducted to confirm the electron transfer number. In Figure 6.13d, the ring current (black line) is 
negligible in comparison with the disk current (red line), and the MMo2C/NCS has an n value of 




evaluating the performance of electrocatalysts. Stability tests were conducted by continuous CV 
measurements in the range from 0.6 V to 1.0 V vs. RHE in 0.1 M KOH with a scan rate of 50 mV s-1 
for 2000 cycles. The MMo2C/NCS catalyst displays better stability with a smaller decrease of 
half-wave potential (~17 mV) compared with commercial Pt/C catalyst (~21 mV), even after 2000 
cycles (Figure 6.14). 
 
Figure 6.15. (a) XRD patterns of the samples prepared by carbonization of the Mo-PDA-PS precursors 
(obtained after 8 hours reaction) at 700, 800, 900 and 1000 ºC. (b) TG curves of the obtained hollow spherical 
MMo2C/NCS-700 °C, MMo2C/NCS-800 °C, and MMo2C/NCS-900 °C samples measured under air 
atmosphere. (c) High-resolution N 1s XPS spectrums of the MMo2C/NCS-700 °C, MMo2C/NCS-800 °C, and 
MMo2C/NCS-900 °C samples. (d) Raman spectrums of the MMo2C/NCS-700 °C, MMo2C/NCS-800 °C, and 
MMo2C/NCS-900 °C samples. 
In addition, the impact of carbonization temperature on ORR activity was also investigated. 
For this purpose, the Mo-PDA-PS precursor obtained after 8 hours of reaction was carbonized at 
various temperatures from 700 to 1000 °C (named as MMo2C/ NCS-700 °C, MMo2C/NCS-800 °C, 




the samples carbonized at different temperatures are shown in Figure 6.15 and Figure 6.16. For 
MMo2C/NCS-1000 °C, the XRD patterns in Figure 6.15a show that a new phase which is matched 
well with Mo is formed. The formation of Mo is probably due to the reduction of Mo2C under the 
high carbonization temperature, and thus MMo2C/NCS-1000 °C is not discussed in detail in this 
work. As seen in Figure 6.15a, carbon is the main component and the peak of Mo2C is almost 
negligible when the carbonization temperature is 700 °C, after increasing the temperature from 700 
to 900 °C, the peak intensity of Mo2C are gradually increased. TG analysis (Figure 6.15b) of 
samples conducted in air further confirms the change of carbon and Mo2C contents in the final 
products with the temperature increase. The totally weight loss of MMo2C/NCS samples carbonized 
at 700 °C, 800 °C, and 900 °C are measured about 44%, 53%, and 69%, respectively, suggesting the 
Mo2C contents in the hybrid materials are gradually increased at higher temperatures. Figure 6.15c 
shows the high resolution XPS spectrums of N 1s, the spectrum can be fitted into three peaks 
located at binding energies of 398.7 eV, 401.5 eV, and 395.3 eV, which are correspond to the 
pyridinic-N, graphitic-N, and Mo 3p, respectively. When the carbonization temperature increases 
from 700 to 900 °C, N concentration decreases from 6.9 atomic% to 4.7 atomic%, while the ratio of 
pyridinic-N to graphitic-N distinctly increases from 1.8 to 3.3. Raman spectroscopy (Figure 6.15d) 
was conducted to investigate the carbon state in all the samples. There are two peaks located at 
~1350 cm-1 (D band) and 1600 cm-1 (G band), which correspond to the vibration of sp3 
carbons/defect and graphitic sp2 carbons, respectively. The relative intensity ratio of G band to D 
band (IG/ID) increases from 0.8 to 1.09 along with the increased temperatures, indicating the 
enhanced graphitization degree of the carbon matrix. As it is known, the enhanced graphitic degree 
of the carbon matrix could improve the conductivity, which is beneficial for increasing the catalytic 
performance of electrode. The specific surface area of MMo2C/NCS increases from 165 m2 g-1 at 
700 °C, to 200 m2 g-1 at 800 °C and 212 m2 g-1 at 900 °C, which are attributed to the generation of 
more micropores at higher temperatures (Figure 6.16). The physicochemical properties and 
elemental compositions of MMo2C/NCS after carbonization at various temperature (700, 800, and 
900 °C) are described in Table 6.1. ORR catalytic activities were also measured by using RDE in 




catalytic activity for the ORR, with a much more positive onset potential and half-wave potential, 
and a higher peak current density than the MMo2C/NCS-700 °C and MMo2C/NCS-800 °C catalysts 
(Figure 6.17). Such high catalytic activity of the MMo2C/NCS-900 °C sample can be attributed to a 
combination of larger specific surface area, higher degree of graphitization, more electrochemically 
active N species, and higher Mo2C content in MMo2C/NCS-900 °C. 
 
Figure 6.16. (a) N2 adsorption-desorption isotherms, and (b) corresponding pore size distribution of hollow 





Figure 6.17. LSV curves of hollow spherical MMo2C/NCS samples carbonized at different temperatures. 
The high level of ORR activity of MMo2C/NCS could be attributed to the following factors. (1) 
The unique hierarchical structure of the spherical particles exposes more catalytic active sites, 
allows free diffusion of the electrolyte, and results in shortened path lengths for electron transfer 
over the whole electrode. (2) The hollow spheres are robust and pack nicely into an electrode 
structure, helping to ensure high stability of the electrocatalyst during long-term operation. (3) 
Ultrafine Mo2C nanoparticles are uniformly distributed in the highly conductive carbon matrix, 
serving as active sites for the ORR. (4) It is known that O2 adsorption is the initial step in the ORR, 
and oxygen molecules can be easily adsorbed at Lewis base sites. Here, the N dopants, especially 
pyridinic-N, form a Lewis base on adjacent carbons and this is thought to accelerate the ORR in 
these systems.[41,42] 
Table 6.1. Physicochemical properties and element compositions of MMo2C/NCS after carbonization at 









IG/ID N content 
(atomic%) 
Relative ratios of 
pyridinic-N : graphitic-N  
700 165 0.51 0.80 6.9 64% : 36% 
800 200 0.55 0.95 5.4 73% : 27% 
900 212 0.56 1.09 4.7 77% : 23% 
6.4. Conclusion 
In conclusion, I described a simple approach to assemble hollow mesoporous 3D 
nanoarchitectures composed of ultrafine Mo2C nanoparticles on N-doped carbon nanosheets. The 
method is based on the formation of molybdate (MoO42-)–dopamine (DA) complexes, and their 
interaction with PS-b-PEO micelle pore-forming agents. To the best of our knowledge, there have 
been no reports of such unique hollow mesoporous nanoarchitectures composed of 2D 
Mo2C/N-doped carbon nanosheets. The well-defined hollow structure and mesoporous nanosheet 




This combination of features results in many appealing properties such as abundant exposed active 
sites, and rapid electron transfer. All of these properties make hollow MMo2C/NCS effective and 
inexpensive catalysts for the ORR. 
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7.1. Overview of the Achievements 
From our work, we can conclude that the construction of heterostructures is an attractive strategy to 
realize highly efficient bifunctional catalysts. The newly formed advanced composites can take 
advantage of the merits of single counterpart to bring new functions for broader applications. 
Moreover, the interfaces between two different phases are favorable for regulating the electronic 
structure and increasing the catalytic active sites of the electrocatalysts to optimize their 
performances, and consequently, showing enhanced catalytic performance as compared with the 
single counterpart. Additionally, as the activity of the electrocatalyst is significantly impacted by its 
hierarchical morphology, thus, engineering the morphology of catalysts into well-defined 
nanostructures (nanotubes, 2D nanosheet, 3D hollow, mesoporous architecture etc…) is effective for 
enhancing the catalytic activity. In our work, we chose MOF as metal precursors and morphological 
templates, and obtained materials with multicompositions and controllable morphologies. 
Structuring mesoporous materials on the nanoscale could introduce abundant accessible mesopores, 
high surface area and high density of defects, allowing the catalysts expose more active sites and 
facilitate the charge transfer and product diffusion, which are advantageous for applications requiring 
high surface reactivity. The low electronic affinity between metal salts and organic 
structure-directing agent and uncontrollable fast precipitation between metal ions and the S2- ion 
leads to the few reports on mesoporous metal sulfides. In our work, we assembled metal sulfide 
heterostructures into mesostructured architectures via a soft-templating method using diblock 
copolymer as pore-forming agent. More importantly, this method has been applied to the synthesis 
of other mesoporous materials. Our work also demonstrate that the introduction of heteroatom into 
host materials could further facilitate its catalytic activity toward electrochemical water splitting by 
optimizing the adsorption energy of the reactive species, increasing the catalytic active sites, and 
building defect and distortion. The overall works in this thesis are described in Figure 7.1. All these 
works highlight the significant role of functional design on realizing high-efficiency electrocatalysts 
and also shed some light on the development of other electrocatalysts by optimizing the compositions 





Figure 7.1. Overall works described in this thesis. 
(I) One-Pot Synthesis of Zeolitic Imidazolate Framework 67-Derived Hollow 
Co3S4@MoS2 heterostructures as Efficient Bifunctional Catalysts (Shown in 
Chapter 2) 
In this chapter, I reported a novel strategy for the successful synthesis of bifunctional Co3S4@MoS2 
electrocatalyst for both HER and OER based on a well-designed two-step hydrothermal process. A 
HER active catalyst of MoS2 and an OER active catalyst of Co3S4 were selected to build the 
bifunctional catalytic system. The well-known cobalt-based metal-organic zeolitic imidazolate 
frameworks (ZIF-67) were used not only as the morphological template but also as the cobalt 
precursor. During the two-step temperature-raising hydrothermal process, ZIF-67 polyhedrons were 
first transformed to hollow cobalt sulfide polyhedrons by sulfidation at the temperature of 120 °C, 
and then molybdenum disulfide nanosheets further grew and deposited on the surface of hollow 
cobalt sulfide polyhedrons at the elevated temperature (200 °C). Finally, a hollow core-shell 




atmosphere. Owing to the synergistic effects between the core Co3S4 and MoS2 shell and the unique 
hollow structure, the obtained Co3S4@MoS2 heterostructure exhibited outstanding bifunctional 
catalytic performances toward both HER and OER in acidic and alkaline media, respectively. The 
strategy developed here opened new avenues in the design and fabrication of highly effective 
bifunctional electrocatalysts. 
(II) Elaborately Assembled Core-shell Structured Metal Sulfides as a 
Bifunctional Catalyst for Highly Efficient Electrochemical Overall Water 
Splitting (Shown in Chapter 3) 
The catalyst reported in the first project showed bifunctional performance, however the HER and 
OER processes were conducted in different electrolytes and its catalytic performance was still much 
lower relative to noble metal-based electrocatalysts. Thus, taking the convenience and cost 
reduction into account, the development of a versatile catalyst with high activity toward both the 
HER and OER in the same electrolyte is technologically important. In this work, I prepared a 
bifunctional catalyst for overall water splitting in the alkaline media using a different type of 
precursor, Co-Fe Prussian blue analogue (PBA). The Co3S4@MoS2 heterostructure was synthesized 
through a hydrothermal approach to obtain hollow Co3S4 nanoboxes based on the ionic exchange 
reaction between Fe(CN)63- of Co-Fe PBA and S2-, and the subsequent in-situ growth of MoS2 
nanosheets on the surface of Co3S4 nanoboxes. The synergistic effects between the active and stable 
HER catalyst of MoS2 and the efficient OER catalyst of Co3S4 were mainly responsible for the 
realization of bifunctional catalytic performance. Impressively, the newly-obtained Co3S4@MoS2 
exhibited superior activity for both OER and HER, which could be attributed to the iron doping in 
the composite and its smaller particle size. As a result, a low cell voltage of 1.58 V at a current 
density of 10 mA cm-2 in a water splitting electrolyzer was successfully achieved by using the 
heterostructure as both anode and cathode catalysts.  
(III) Hollow Porous Heterometallic Phosphide Nanocubes for Enhanced 




The above strategies proved that multicompositional electrocatalysts generously show better 
performance than single counterpart, and also potentially bring new functions for broader 
applications. Furthermore, MOF, have been demonstrated to be universal precursors to fabricate 
nanomaterials with precise compositions and controllable morphologies. Thus, in this work, I 
extended the synthetic strategy of metal sulfide to generate hollow porous heterometallic phosphide 
nanocubes via one-step phosphidation of a NiCoFe PBA. Through compositional modulation of the 
PBA precursors, the optimal NiCoFe-based phosphide exhibited an increased electrical conductivity 
and abundant electrochemically active sites, leading to high electrocatalytic activities and 
outstanding kinetics for both HER and OER. The obtained experimental results revealed that Ni 
content in the composite played a crucial role in the catalytic activity. With the incorporation of Ni, 
the as-obtained NiCoFeP demonstrated higher catalytic activities for both HER and OER compared 
with CoFe-based phosphide. The loaded Ni species can serve as active sites, and the 
homogeneously distributed Fe and Co can tune the electronic properties of the active centers and 
thus improve catalysis. However, further increasing the Ni content in the NiCoFe-based phosphide 
decreased the OER and HER, which may originate from the irregular morphology of the 
NihighCoFeP and aggregation of nanoparticles. The discovery in this work highlighted a new 
strategy for preparing low-cost, efficient, and robust catalysts for overall water splitting by carefully 
adjusting the component ratios in multiple metal-containing coordination polymers as precursors. 
(IV) Synthesis of Mesoporous Transition Metal Sulfides as Novel Efficient 
Bifunctional Catalysts (Shown in chapter 5) 
In this chapter, I proposed a soft-templating method to create mesoporous CoMo sulfide using block 
copolymer micelles made of polystyrene-block-poly(acrylic acid) (PS-b-PAA) as the pore-forming 
agent. Phosphomolybdic acid hydrate (H3PMo12O40·nH2O) and cobalt dinitrate hexahydrate 
(Co(NO3)2·6H2O) were used as the metal species. Dithiooxamide (DTO, NH2C(S)C(S)NH2) was 
selected as sulfide precursor because of its strong chelating capabilities with metal cations (e.g., 
Zn2+, Co2+, Ni2+) and Mo source by strong covalent bonding and electrostatic interactions, 




with negatively charged polymeric micelles in solution. 3D Co-Mo-S spherical architectures were 
simultaneously formed in the presence of the micelles. After subsequent calcination under N2 
atmosphere, spherical mesoporous CoMo sulfide structures with an open, interconnected porous 
network were obtained. The porous structure of the material generated a higher surface area of 53 
m2 g-1 compared to a non-porous sample (7 m2 g-1) synthesized without block copolymer template. 
The high surface area of the catalyst enhanced its performance for both the HER and OER.  
(V) Assembly of Hollow Mesoporous Nanoarchitectures Composed of Ultrafine 
Mo2C Nanoparticles on N-doped Carbon Nanosheets for Efficient 
Electrocatalytic Reduction of Oxygen (Shown in chapter 6) 
In this chaper, I extended the soft-templating method described in Chapter 5 to synthesize 
mesoporous N-doped carbon containing ultrafine molybdenum carbide (Mo2C) nanoparticles. 
Molybdenum carbides have been explored as possible candidates for energy conversion and storage 
technologies because of their favorable electronic structure, combined with low cost, mechanical and 
thermal stability, and high electrical conductivity. Although molybdenum carbide composites have 
been prepared with various shapes and used as electrocatalysts, the construction of mesoporous 
molybdenum carbide nanosheets remains in its infancy and highly challenging. Herein, I described a 
simple, inexpensive method to prepare highly-porous 3D architectures composed of mesoporous 
Mo2C/N-doped carbon nanosheets (MMo2C/NCS). Diblock copolymer PS-b-PEO was used as the 
pore-forming agent, while (NH4)6Mo7O24·4H2O and dopamine hydrochloride (DA) were used as the 
Mo source and the N-containing carbon source, respectively. In this hybrid material, N-doped carbon 
matrix served as an electron conductor and helped to prevent the aggregation of the Mo2C 
nanoparticles. The Mo2C nanoparticles in turn enhanced the catalytic performance for the oxygen 
reduction reaction (ORR). The unique mesoporous 2D nanosheet and its derived hollow structure 
could provide numerous active catalytic sites while enabling free diffusion of the electrolyte and mass 
transfer. All of these properties made the hollow MMo2C/NCS highly effective for ORR. 
7.2. Future Prospects 




on TMS, there still exists some challenges, which need to be solved in the future:  
(I) In-depth understanding about the catalytic mechanism of heterostructures  
My studies have demonstrated that multicompositional catalysts possess higher activities than their 
unary counterparts, which are initially ascribed to the synergistic effects between different 
counterparts. However, an in-depth understanding about the mechanism in the enhanced 
electrochemical performance is still not clear. The development of in situ (operando) 
characterization techniques, such as in situ Raman, FTIR, TEM, NRIXS and XAS could provide us 
vital and valuable information (e.g. structural change, coordination environment, chemical 
adsorption process) of the catalysts since these measurements can probe the catalysts under 
practical conditions. Furthermore, DFT calculations, as a powerful computational mechanical 
modelling method, it allows us to understand the electrochemical process of the catalysts at the 
microscopic level. For example, it can be employed to calculate the adsorption/desorption energies 
of water, proton, and hydroxyl ions of the reactants and intermediates at the interface, offering us 
in-depth information about how the structural changes affect the final reaction rate. Therefore, in 
my future work, I will try to reveal the catalytic mechanism in the enhanced electrochemical 
performance of mulcompositional electrocatalys with the help of the above-mentioned techniques. 
(II) Developing new OER electrocatalysts in acid media 
To date, the developing of TMS has made big breakthroughs as electrocatalysts for OER, and some 
even show superior activities to the noble metal-based catalysts. Of note, almost all the TMS for 
OER were examined in alkaline electrolytes. However, alkaline water oxidation of the catalysts 
faces the crisis of low proton conductivity, low voltage efficiency and slow system response. 
Currently, most of the qualified OER catalysts in acid media are limited to noble-metals. Therefore, 
it is becoming highly necessary to develop new OER catalysts based on earth-abundant materials 
with high activities in acidic electrolytes. 
(III) Developing new electrocatalysts with multifunctionality  
Electrocatalytic energy storage and conversion systems, including water splitting, fuel cells and 
metal-air batteries are considered as the most promising technologies to meet the increasing energy 




evolution reaction (ORR) are the core reactions involved in these techniques. Taking cost and 
efficiency into consideration, engineering advanced electrocatalysts with multifunctionality is 
important. In my previous work, I have synthesized bifunctional electrocatalysts for the catalysis of 
water splitting by compositional and structural modulation. In the future work, I will continue to 
explore more active bifunctional electrocatalysts for overall water splitting. In addition, 
rechargeable metal–air batteries and regenerative fuel cells reversibly involve OER and ORR during 
the operation, while the use of two different electrocatalysts for OER and ORR is unfavorable, due to 
difference in their volumetric energy density. Therefore, I will also focus on the smart design of 
bifunctional electrocatalysts for both OER and ORR. In the above gas-involving energy 
electrocatalysis, mass diffusion, electron transfer and surface reaction are the three main processes 
which affect the performance of electrocatalysts. Insightful principles and effective strategies for a 
comprehensive optimization, ranging from active sites to electrochemical interface, are necessary to 
fully enhance the electrocatalytic performance aiming at practical device applications. Based on the 
common materials used for HER, OER, and ORR, I will design the advanced multifunctional 
electrocatalysts by multiscale optimization. 
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